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The surface adhesion of micro-particles has been investigated with respect to 
many natural and environmental phenomena as well as engineering applications 
including drug delivery, coating, paints, separations, and sensors. Especially, the surface 
adhesion of smooth micro-particles with simple shapes (spheres, cylinders, hexahedrons) 
has been well-studied for the last four or five decades. However, there are far fewer 
studies of the adhesion of micro-particles with complex surface morphology. In this 
study, pollen grains are used as experimental samples and bio-templates since the pollen 
grains have chemically and physically stable surface with wide shape diversity. The 
purpose of this study is to understand the dry and wet adhesive mechanisms of pollen and 
pollen replica adhesion to tailor the magnitude and rate-dependence of the adhesion. 
During the investigation of the mechanisms, we have learned: i) how to analyze 
quantitatively and model the attraction force of micro-particles with complex surface 
micro- and nano-scale morphology ii) the effects of both particle morphology and liquid 
physical properties on wet adhesion of micro-particles on surfaces iii) how to tune the 
rate-dependence of the wet adhesion via control of surface morphology and the structure 
of liquid phases. Not only do these discoveries offer insight into the mechanisms 
operative in Nature, but they also offer inspiration for new adhesion mechanisms for 




CHAPTER 1. INTRODUCTION AND BACKGROUND 
1.1 Influence of Surface Topography on Adhesion and Bio-adhesion 
Micro- or nano-structured surfaces have been studied widely due to the fascinating 
functions they enable, such as anti-wetting [1], anti-icing [2], water droplet harvesting [3] 
and mobilization [4], photonic color [5], turbulent fluid drag reduction [6], and glueless 
adhesion [7]. While man-made approaches for these functions exist, each of these 
functions is also naturally-occurring. The surface structures of animals and plants have 
evolved in many instances to confer specific functionalities that improve survival or 
reproduction. For example, lotus leaves possess a superhydrophobic (water-repellent) 
surface attributed to a micro- and nano-scale hierarchical structure (Figure 1 a and b) [8, 
9], and this feature maximizes the efficiency of photosynthesis by facilitating self-
cleaning mechanism. The micro-patterned structures of hydrophobic and hydrophilic 
regions on the back of desert beetles promote the water condensation to collect water 
droplets from humid air (Figure 1 c and d) [10]. Some butterflies utilize structural colors, 
created by controlling the transportation of light via photonic nanostructures, for vivid 
and bright colors of their wings with low energy consumption (Figure 1 e and f) [11]. The 
aligned riblet structures on shark skin reduce the drag experienced by fast-swimming 
sharks in turbulent flow (Figure 1 g and h) [12] 
Many plants and animals have evolutionarily optimized surface structures that 
create strong and functional adhesion for locomotion or transportation. For example, the 
multi-branched structure of gecko foot-hairs creates exceptionally strong adhesion to 
enable climbing on both smooth and rough surfaces without an adhesive secretion [13]. 
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The hairy structures (200-500 nm long and 15 nm thick) on the gecko setae (30-130 µm 
long) allow the foot pads to create contact area sufficient to sustain the gecko's body 
weight even on vertical walls. Tree frogs can strongly adhere to wet and rough surfaces. 
The adhesive pads of tree frogs have hexagonal cells (approximately 10µm diameter) 
separated by deep channels (1µm wide) filled with a mucus secretion. The micro-
structured channels are the paths for distributing mucus over the whole contact area 
between the adhesive pad and a contact surface, and the channels also work to drain 
water, enabling attachment on water coated surfaces [14]. Insects have both hairy and 
smooth adhesive pads, whose adhesion is mediated by thin layers of adhesive secretions 
[15]. The tip radius of structures on the hairy adhesive pad are roughly in the size ranging 
from 1 µm to 10 µm and these can attach at multiple points to create a large contact area 
on a rough surface [15, 16], similar to the action of the gecko setae.  The smooth adhesive 
pad, which is a “pillow-like” soft structure that consists of branching fibrils and the outer 
cuticle layer [17], can also adapt to surface roughness features to create large contact 
areas for strong adhesion. Pollens from different plant species display a remarkable 
variety of ornamentations with a unique size, shape, and density on their surface exine 
shell. When pollens interact with a structured flower stigma, their surface features cause 
pressure-sensitive adhesion mediated by mechanical interlocking [18]. Pollen grains 
exhibiting structural ornamentations have been shown to adhere strongly to the stigma 





Figure 1 – a Water droplet on a lotus leaf CA=152° (reproduced with permission 
from [8]), b scanning electron microscopy (SEM) image of the lotus leaf (reproduced 
with permission from [9]), c photograph and d SEM image of the water-harvesting 
surface of the desert beetle (reproduced with permission from [10]), e photograph 
and f SEM image of distinctive iridescent blue color of the wings of Morpho 
butterfly (reproduced with permission from [11]), and g Cartoon and h SEM image 
of the scale structure of shark skin (reproduced with permission from [12]). Scale 
bars= 20 m b, 10 m d, 400 nm f, and 50 m h. 
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Using nature as well as man-made materials, this contribution reviews the effects of 
micro- and nano-scale topography on adhesion. Numerous researchers have studied the 
adhesion mechanisms of simple geometries, such as plane-plane, sphere-sphere, cone-
cone, sphere-plane, sphere-cylinder, and cone-plane over the last several decades [20–
26]. Based on this background knowledge, studies of the geometrical influence on 
adhesion have been more recently expanding to treat surfaces with complex fine features. 
The investigation of bio-adhesion, such as in the examples mentioned above, has been an 
important part of an emerging understanding of the effects of micro- and nano-scale 
topography on adhesion. Herein, we discuss the basic physical principles of adhesion 
with simple geometric models since the adhesion of complex structured surfaces are also 
based on the same physical principles. These include van der Waals (vdW), capillary and 
viscous forces (Section 2). Then, we discuss how the different surface geometries (hairy, 
smooth, and echinate) affect adhesive mechanisms and focus on the dependence of bio-
adhesion on substrate structure (Section 3). We also review recent efforts to produce anti-
adhesive surfaces based on surface topography designed from natural adhesive 
phenomena (Section 4). 
1.2 Physical Principles of Adhesion 
Animals and plants utilize transitory (non-permanent) adhesive force for transport 
and locomotion [27, 28], and this temporary adhesion is strongly affected by the 
topography of the adhesive surface. Adhesive mechanisms related to transitory bio-
adhesion can be classified roughly into two categories: i) dry adhesion based on 
intermolecular forces and ii) wet adhesion based on liquid-mediated capillary forces. 
These mechanisms are also operative in synthetic adhesives in manmade materials, such 
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as pressure-sensitive adhesives [29], latex paints [30], ink toner and powder coatings 
[31]. In this section, we will discuss the physical principles of both dry and wet adhesive 
mechanisms with representative simple geometry models. 
1.2.1 Dry Adhesion 
In general, the adhesive force of neutral surfaces in a ‘dry’ atmosphere, such as 
nitrogen or vacuum, may comprise van der Waals (vdW) interactions, and hydrogen, 
covalent, or metallic bonds [32]. The energy of vdW interactions is normally much 
smaller than covalent or hydrogen bonds. However, the vdW interaction plays a 
prominent role in determining the attractive force magnitude of surfaces and colloids 
because the vdW interaction has a longer range (from 0.2 to 10 nm) than the other inter- 
or intramolecular bonding (covalent, hydrogen, and metallic bonding) scales (normally 
between 0.1and 0.2 nm) [33]. Even though there is no universal model that accounts for 
the influence of all contributions (e.g., elastic moduli, surface energy, temperature, 
relative humidity, and Hamaker constant) on vdW interactions, the following adhesion 
models for simple geometry help us to understand the physical principles of dry adhesion. 
Common classical models to estimate the adhesion force between two elastic spheres (or 
sphere and planar surfaces) originated from Hertzian theory [34]. Heinrich Hertz in 1882 
developed a model for the contact area (a) of two elastic spheres (of radii of R1 and R2 
with elastic moduli K) with external loading force (F) [33]: 
/
, (1)
where R = R1 R2/(R1 + R2).  
 6
In Hertzian theory, the intermolecular attraction between contact surfaces was 
ignored, so the contact area is apparently zero when there is no (or negative) external load. 
In 1971, Johnson, Kendall, and Roberts (JKR) developed a theory to estimate the 
adhesion between two solid surfaces [35]. They observed that the experimentally 
measured contact areas were larger than values estimated by Hertz theory, and they 
confirmed that the solid surfaces still adhered under zero or small negative external 
loading force. They proposed that the surface interaction affects both deformed shape and 
overall loading force, which is represented by the sum of the external loading force and 
adhesion of the surfaces. The deformed contact area was derived by the following 
equation [36]: 
3 6 3 , (2)
where F is external load and W12 is work of adhesion, which is the work done in 
separating a unit area of the interface. For a sphere (radius of sphere, Rs = R1) on a flat 
surface (R2 = ∞), the adhesion or pull-off force can be derived as [37] 
. (3)
Unlike the JKR case, Derjaguin Muller and Toporov (DMT) assumed that the 
deformed shape of contact is not affected by surface interaction, but only affected by the 
surface interaction like the Hertz theory [38]. Therefore, the deformed contact area could 
be derived as [36]: 
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2 , (4)
and adhesion or pull-off force of a sphere on a flat surface can be derived as [37] 
2 . (5)
The JKR and DMT models consider the deformation of the contact area, but 
neither model accounts for the influence of separation distance on adhesion. When the 
contact surfaces have roughness or geometrical features, the assumption of complete 
contact is no longer valid and the separation distance of the surfaces must be considered 
[39]. The separation distance is the most significant factor to define adhesive force 
magnitude in the non-retarded region (separation distance below 5 nm) [33]. Therefore, 
the adhesion models for rough or structured surfaces often use the Hamaker approach as a 
starting point. Hamaker proposed that the adhesion between two spherical particles can 
be estimated by the integration of the van der Waals pair potential between all atoms in 
one body and all atoms in the other body [20]. In his study, the vdW interaction between 
a sphere and a flat surface was derived as 
, (6)
where A132 is the material-dependent nonretarded Hamaker constant, which represents the 
magnitude of interaction of the two interacting bodies (1 and 2) consisting of atoms with 
induced dipoles across a medium (3). The x in equation (6) represents the ratio between 
the contact radius ( ), and half of the cutoff separation distance ( ), which is the 
predicted separation distance of contacting surfaces. (Some references approximate the 
 8
cut off distance at around 0.3-0.4 nm [39, 40], but others evaluate it as 0.165 nm [13, 33])  
The Hamaker constant can be simplely determined by [33]  
, (7)
where  and  are the number of atoms in unit volume of the two bodies (1 and 2), and 
C is the coefficient in the atom-atom pair potential. The Eq (2.1.6) can be simplified to 
Eq (2.1.8) in the limit of  of x << 1 [33]. 
, (8)
where D is separation distance.  
 
Figure 2 – Schematic illustration of the geometry proposed by Rumpf a and 
Rabinovish b. 
It is well-known that the surface pattern and roughness reduce the adhesion 
between surfaces or a spherical particle and a planar surface [41, 42]. Rumpf’s model is a 
common and simple model based on Hamaker approach to consider the effect of 
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nanoscale surface roughness on adhesion [43]. This model estimates the adhesion 
between a large spherical particle (radius, ) and a flat surface covered with small 
hemispherical asperities (radius, r), and normal alignment of the center of the particle and 
asperity is assumed (Figure 2 a). Rumpf’s model consists of two terms as shown in the 
following formula [43]: 
, (9)
where D0 is the “cutoff” distance. The first term represents the adhesion between the 
particle and hemispherical asperity in contact, and the second term represents the 
“noncontact” attractive interaction between the particle and flat surface with separation 
distance at the radius of hemisphere asperity. Rabinovich et al. found that Rumpf’s model 
is not accurate in real systems with low roughness surface since it requires the center of a 
small hemisphere to be at the surface as shown in Figure 2 a [40]. In the real systems, the 
center is located below the surface, and multiple surface asperities will have contact with 
the large spherical particle. They proposed the approximation of this case with root-
mean-square (rms) roughness and peak-to-peak distance ( ) (Figure 2 b) as shown in the 
following equation [40]: 
. , (10)
where k1 is a proportionality factor determined to be 1.817. In conventional adhesion and 
bio-adhesion, surfaces can display surface roughness with a wide variety of structures 
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and shapes, and the previous dry adhesion models are limited because of assumptions 
made about the shape or distribution of asperities. Recent dry adhesion models have tried 
to account for the interaction of complex contact shapes [16, 44], asymmetric structures 
[45], multiple contacts [46], and mechanical interlocking [47]. 
1.2.2 Wet Adhesion 
In practical industrial and natural applications, wet adhesion is common. Strong 
wet adhesion driven by water condensation or by the presence of thin liquid lubricant on 
the contact surfaces is a critical issue in operating of fine-scale devices, including as 
atomic force microscopy, magnetic storage devices, and fuel injectors [48]. For 
locomotion of animals, wet adhesion normally can create larger contact area on a rough 
surface compared to a dry surface due to strong capillary adhesion driven by the presence 
of a liquid secretion [49]. The mediating liquid can increase contact between the adhesive 
pad and a rough surface by filling into the gaps between the pad and surface. The wet 
adhesion force can be split into two main components, which are capillary (meniscus) 
and viscous forces [50], as shown in equation (11). 
	 	 . (11)
The vdW interaction may dominate wet adhesion in the case of very thin films (less than 
10 nm), but its contribution is in most cases smaller than the capillary or viscous forces. 
The contribution of these primary components to wet adhesion can be determined by 
considering the meniscus curvatures, dynamics and viscosity of liquid films [48]. 
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Figure 3 – Schematic of a meniscus bridge present at the interface between a sphere 
and a plane surfaces. 
The capillary force is caused by a liquid meniscus (bridge) between two separated 
surfaces, and the curvature of the liquid meniscus is characterized by two radii which are 
the azimuthal radius (la) and the meridional radius (rm), indicated Figure 3. The total 
capillary force between a sphere (radius, ) and a flat surface is defined as the 
summation of the surface tension and Laplace pressure contributions as shown in the 
following equation for a symmetric contact angle [48, 51]: 
	 ∆ 2 , (12)
where Ω is the meniscus area, ϕ is filling angle, θ is contact angle,  is the surface tension 




The Young-Laplace equation describes the capillary pressure difference between 
two static phases. The surface tension and Laplace pressure forces explain the 
contribution of the capillary liquid bridges to wet adhesion, but neither expression has 
dynamic terms. The contribution of hydrodynamic response can be estimated by a 
viscous force model, often called “Stefan adhesion” [50]. The viscous term of wet 
adhesion is a significant component of the wet adhesion mediated by highly viscous 
liquid capillary bridges, but also it can dominate for liquids of modest viscosity at high 
shear rate [52]. The viscous force acting on a sphere and a flat surface connected by a 
capillary bridge (Figure 3) can be approximated by Equation (14). [48]         
	 6 1 , (14)
where 	is the viscosity, Dw is the distance between a sphere and a flat surface, Rw is the 
radius of the spheres, Hw is meniscus height, and dDw/dt is the separation rate. The total 
wet adhesion between a sphere and a flat surface can be estimated by the summation of 
Equation (12) and (14). 
     The previous capillary (Equation (12)) and viscous (Equation (14)) force models are 
commonly used to estimate wet adhesion of a sphere and planar surface for simplicity, 
but the models fail to estimate wet adhesion for rough and patterned surfaces [53]. The 
topographical effect on capillary force is strongly dependent on the height of the liquid 
meniscus (the thickness of liquid) as shown in Figure 4. When the meniscus height is 
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larger than hemispherical asperity as shown in Figure 4 a (r1 > H), the contact line and the 
curvatures of the meniscus are determined by the larger separation distance H. The 
previous Equation (12) (sphere and flat surface model) is still valid as long as the 
increased separation distance is accounted. However, when meniscus height is smaller 
than the hemispherical asperity (Figure 4 b), the wet adhesion model between two 
spheres (a large sphere and a small hemisphere) should be considered. The capillary force 
for interaction between two spheres was studied by Willett et al. [54] and Rabinovich et 
al. [55]. For multiple asperity contacts, Bhushan proposed a capillary force model of a 
randomly rough surface in contact with a smooth surface with a continuous liquid film as 
shown in Figure 4 c [56]. Both contacting and near-contacting asperities have a liquid 
meniscus, peak radii (of the asperities) are assumed constant, and peak heights are 
assumed to follow a Gaussian distribution. By the summation of the wet adhesion on the 
asperities, the total wet adhesion of the surface is given as  
	 2 1 cos , (15)
where N is the total number of liquid bridges, Rp is the mean peak radius, l is the liquid 
surface tension, l is the contact angle of the liquid in contact with the rough surface, d is 
the interplanar separation [52], hl is the thickness of liquid film, and p(z) is the peak 




Figure 4 – Schematic of a liquid meniscus when H > r1 a; H < r1 b. c Schematic for a 
rough surface in contact with a flat surface coated by a thin liquid film. 
     The viscous force acting between a sphere and a flat surface is generated by 
hydrodynamic drainage of liquid in the gap separating the surfaces. The surface 
topography affects the viscous force magnitude by creating slip or partial slip boundary 
conditions [57]. Remarkable hydrodynamic force reduction has been observed in 
capillaries on micro- and nano-structured surfaces [58, 59], such as structured 
superhydrophobic surfaces. The reduction is commonly explained by the slip boundary of 
liquid on trapped air pockets [60]. The classical viscous model (Equation (14)) is 
originated from Reynolds’ lubrication theory with non-slip boundary conditions. 
Vinogradova initially proposed multiplying a correction factor (f*) to account for the 
effect of a partial slip boundary, assuming creeping flow and the same slip length b for 
the both surfaces [61]. 
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∗ 1 ln 1 1 , (16)
In practice, it is still challenging to estimate precisely the effective slip length because it 
is dependent on multiple factors, such as wettability, surface structure, and rheological 
properties of the liquid. But, recent studies have made meaningful progress in 
understanding the influence of diverse surface structures on boundary conditions of the 
viscous force model [62, 63]. 
1.3 Functional Morphology of Bio-adhesive Surfaces 
The evolutionarily adapted surfaces of animals and plants show how nature utilizes 
structured surfaces for functional adhesion. For example, the adhesive pads of animals 
support body weight on varying surfaces, such as smooth or rough, hydrophilic or 
hydrophobic, and clean or contaminated [64]. The structured adhesive pads, secretions, or 
both have a critical function to adhere on surfaces strongly but reversibly for locomotion 
[28]. Plants also use structural surfaces and bio-adhesives. For example, pollen grains use 
complex surface asperities and an adhesive coating to facilitate transfer from anthers to 
pollinators, and from pollinators to stigmas. In this section, we will discuss adhesive 
functional morphology in nature, focusing on geckos, insects, tree frogs, and pollens. We 
will also introduce experimental studies of the influence of structure on dry and wet 
adhesion, including the complex interactions of structure with surface roughness. 
1.3.1 Fibrillar Structure 
It has been suggested that the adhesion of fibrillar structures on a rough surface 
can  be stronger than their adhesion on a smooth surface [37], because fibrils with small 
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effective elastic modulus can adapt to rough surfaces. Fine-scale hairs, with tip size less 
than the opposing surface roughness, can adapt to surface features with low strains on the 
hairs, so the fibrils can have a large total contact area [65]. In addition, it is well-known 
that the detachment of multi fibrillar contacts requires more work than required to hold 
continuous contact [66], because the stored energy in a peeling fibril is not available for 
the detachment of the next fibril [37]. Therefore, many animals, from tiny mites to 
geckos and some mammals, take advantage of fibrillar adhesive pads to achieve strong 
adhesion on both smooth and rough surfaces.  
In nature, the bio-adhesive mechanism of hairy surfaces could be classified as dry 
or wet adhesion. Using a scaling analysis from mites to geckos, Gorb discussed the 
dependence of contact density on body mass [28]. He suggested that heavier animals rely 
more on dry adhesion, such as geckos and spiders, and these animals tend to have 
compactly packed small fibrillar ends to create large peeling lines for strong adhesion 
[67]. However, recent studies claim that the total pad area of fibrillar systems is a main 




Figure 5 – The hierarchical structure of Gekko gecko adhesive pads (a-c). a 
Photograph of gecko toe; scanning electron microscopy (SEM) images of branch 
(BR), seta (ST), and spatula (SP) in the adhesive pad of geckos (b and c). 
(Reproduced with permission from [70]) The adhesive pad structure of a male dock 
beetle (G.Viridula) (d-f). SEM images of the adhesive pad (d and e) (Cl, claws; Ta, 
tarsal segments), and f visualized contact area of the beetle adhesive pad with glass 
via epi-illumination. (Reproduced with permission from [71]) Scale bars= 20 m b, 5 
m c, 250 m d, 100 m e, and 100 m f. 
Autumn et al. claimed that molecular adhesion (vdW interaction) is the dominant 
adhesion mechanism of the gecko, since gecko adhesion was not affected by the 
hydrophobicity of the surface [13, 72]. Most gecko feet have hierarchical fibrillar 
structures consisting of lamellae, setae, branches, and spatulae [73] as shown in Figure 5 
a-c. The second-level of the hierarchy, called the ‘seta’ (ST in Figure 5 b), is typically 30-
130 µm in length and 5-10 µm in diameter, and the density of setae is about 14,000 setae 
/mm2. In many species, these setae are split into multiple branches (BR in Figure 5 b and 
c) which are 20-30 µm long and 1-2 µm wide. Most setae terminate into 100-1000 
spatulae (SP in Figure 5 c) with a diameter of 0.1- 0.2 µm [73]. In order to create strong 
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adhesion, the fibrillar structures should be mechanically soft to achieve a large number of 
contacting hairs with low strains. However, if the hairs are too soft, the hairs will be 
intricately entangled, and adhesion will be reduced significantly. The hierarchical 
structure is a solution to this problem. Hierarchical structures, such as lamellae and setae, 
provide the mechanical stability attributed to relatively high modulus and thick diameter 
structures, while lower level hierarchy, such as branches and spatulae, provide 
compliance and adaptability to roughness [28, 74]. Another significant feature of gecko 
adhesion is the asymmetrical structure (slope) of setae. When setae are attached on a 
surface, they are not vertical, but tilted with respect to the surface, and that is the reason 
why the pull-off force of single seta is strongly dependent on the pulling orientation [13].  
It was observed that single seta adhesion was enhanced by more than an order of 
magnitude when the pulling angle was reduced from 90° to 30° [28, 75]. This result 
indicates that the asymmetrical structure of setae plays a significant role in achieving 
reversible adhesion, which can be easily switched between attachment and detachment 
for locomotion. 
Insects with fibrillar adhesive pads, such as reduviid bugs, flies, and beetles, 
utilize liquid adhesive secretions to increase attachment force [49]. Unlike geckos, the 
insects don’t have complex hierarchical structures, and the setae of most insects end in a 
single and relatively large spatula (the areas of terminal contact of beetles and flies are 
larger than 1 µm) as shown in Figure 5 d-f. To increase the contact area of the large 
spatulae on a rough surface, insects fill the gap between the spatula and surface with a 
liquid adhesive secretion. It was observed that the adhesion of insect pads was reduced 
significantly by organic solvent washing [76], and insufficient adhesive forces were 
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recorded when beetles were tested on a liquid absorbing nanoporous substrate [77]. 
Those studies show that the force magnitude of overall adhesion strongly relies on the 
capillary adhesion of the liquid bridges. In addition, the fibrillar structure allows multiple 
liquid bridges, which can produce a stronger total capillary force than a single liquid 
bridge with equal total liquid volume [78]. 
The contact geometries strongly affect the adhesive functions of the fibrillar 
adhesive pad [16, 79], and mushroom- and spatula-shaped elements are commonly 
observed contact geometries in nature. It was found that the contact element shapes, such 
as mushroom and spatula, are strongly related to the duration of adhesion [80]. Spatula-
shaped elements require a shear force to generate adhesion, and these terminal elements 
are useful for short-term dynamic adhesion during fast locomotion because the contact 
can be easily detached by peeling within a few milliseconds. By contrast, the mushroom-
shaped terminal elements are more suitable to create long-term adhesion. These elements 
do not require external applied shear forces, and a relatively higher pull-off force is 
required to rupture the contact.  
1.3.2 Smooth Structure 
Smooth adhesive pads are observed from diverse animals such as ants, bees, stick 
insects, grasshoppers, tree frogs, and arboreal possums [81]. As mentioned before, 
continuous surfaces cannot make a large number of contacts that adapt to the geometry of 
a rough surface like fibrillar adhesive systems. Thus, animals with smooth adhesive pads 
have developed strategies to overcome this limitation. One adaptation is the soft 
mechanical properties of the smooth adhesive pads, which have high deformation to 
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adapt a larger contact area on rough surfaces. For example, the reported effective elastic 
modulus of the adhesive pad of tree frogs is in the range of 4-25 kPa [82], and it is one of 
the softest biological structures. The smooth pads have an ultrastructure consisting of 
cuticular rods (insects) [17] or hexagonal epithelial cells (tree frogs) [14], and the fine 
structures of the pads allow close contact with low strain on the rough surfaces. All 
known smooth adhesive pads utilize thin liquid films, such as watery mucus of tree frogs, 
multi-phase adhesive secretion of insects, and sweat of arboreal possums, to fill the gap 
between the pads and substrates, and this liquid film helps the smooth pad to create a 
large contact area on rough surfaces. 
 
Figure 6 – Scanning electron microscopy (SEM) images of tree fog (Litoria caerulea) 
adhesive pad (a-c). a Toe pad, b hexagonal epithelial cell, and c densely packed 
nanopillars. (Reproduced with permission from [83]) SEM images of Indian stick 
insect (C. morosus) adhesive pad (d–f). d The front view of tarsal segments (Cl, 
claws; Eu, euplantulae; Ar, arolium), e the distal adhesive pad. (reproduced with 
permission from [71]) f Cross-section view of the distal adhesive pad within the 
smooth cuticle layer (branching fibrillars oriented almost perpendicular to the 
contact surface). (Reproduced with permission from [17]) Scale bars= 100 m a, 10 
m b, 5 m c, 1000 m d, 200 m e, and 20 m f. 
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Tree frogs are well-known heavy body mass amphibians who utilize smooth 
adhesive pads. The details of the adhesive mechanism still remain elusive, but it was 
found that the physical properties and surface structures of the smooth adhesive pad have 
a critical role in attachment on vertical and overhanging surfaces [84]. Their adhesive pad 
consists of regular hexagonal epithelial cells (10-15 µm) (Figure 6 b) separated by watery 
mucus-filled channels (1 µm wide). Each cell consists of densely packed nanopillars 
(Figure 6 c), which are 300-400 nm in diameter with concave end shape [83]. The thin 
intervening watery mucus layer between the pad and surface forms an essential part of 
wet adhesion. The capillary force generated by a liquid bridge around the edge of the pad, 
and the viscous force generated over the whole contact area, strongly contribute to the 
adhesion of tree frogs [83]. The channel structure on the pad surface works to distribute 
fluid across the pad like a tire tread which allows for rapid drainage of liquid. The 
structured adhesive pad maintains an extremely thin liquid film for strong wet adhesion 
in air, and allows for the close contact of the pad with the surface under wet conditions 
[14]. Recently, the smooth pad morphology of torrent frogs, which are able to climb a 
vertical surface covered by high flow rate water, have been under investigation [85, 86].It 
is proposed that the straight channels between elongated cells can accelerate drainage rate 
of excess fluid underneath the pad. 
Many insects with smooth adhesive pads also utilize wet adhesion of the adhesive 
secretion like the insects with fibillar pads. The smooth pads of the insects are a “pillow-
like” soft structure (Figure 6 e) that consists of branching fibrils (Figure 6 f), oriented 
perpendicular to the surface, within the outer cuticle layer [17]. This internal fibrous 
structure helps to increase adaptability to surface roughness, and it can be used to 
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facilitate manipulation of the pad contact area via proximal pulling by the insects. It is not 
well understood how the presence of a continuous liquid film between a smooth pad and 
substrate can create strong static attachment ability on a vertical surface. It was suggested 
that the two-phase emulsion structure of the pad secretion could prevent insects from 
slipping [87]. The hydrophobic droplets dispersed in a watery continuous phase could 
provide viscous and non-Newtonian (shear thinning) properties of the secretion for 
maximizing static adhesion. Simple wet adhesion models, considering the contribution of 
the capillary and viscous forces, are often used to explain insect adhesion. However, for a 
more accurate representation, models should be expanded or even replaced to include the 
contribution of both the pad mechanical properties and non-Newtonian properties of the 
liquid adhesive. One recent study shows that the elastic deformation of the adhesive pad 
likely dominates the mechanical response when the adhesive secretions of animal are 
confined between elastic solids [88], and the authors utilize a fracture mechanics 
approach to estimate the adhesive mechanism of insects with the smooth adhesive pad. 
1.3.3 Echinate Structure 
Echinate structures normally have a limited contact area on hard and smooth 
surfaces since the adhesive force relies on the interaction between a few contacting tips of 
spines and a hard surface [89]. However, when the substrate is a soft, or a fibrillar/hairy 
surface, the spiny structures can create unexpectedly strong adhesion by penetrating the 
surface and/or creating mechanical interlocking [18]. Adhesion associated with 
penetration is much harder to explain with simple models of dry or wet adhesion, and 
fibrillar or smooth structures, so the details of the comprehensive mechanism still remain 
elusive.  
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Strong and tailored adhesion based on surface topography has a significant role in 
the active locomotion of animals, but it is also essential for the passive transport of plant 
pollens and seeds. Pollens are one example to show how the size and shape of nanoscale 
features can be utilized for adhering selectively to specific surfaces [19]. The surface of 
some flowering pollens consists of a structured exine, which interacts with pollinators 
and stigmas, and the exine is often covered by a viscous liquid coating, pollenkitt [90]. It 
is known that the adhesion of pollens to the stigma of the same species is much stronger 
than to another species, suggesting species-specific adhesion  [91, 92]. For instance, the 
adhesive force magnitude of pollens from Asteraceae (sunflower) and Oleaceae (olive) 
families on stigma from Asteraceae (sunflower) was directly measured by AFM, and the 
results show that the echinate (spiny) structure of sunflower pollens strongly affects the 





Figure 7 – Scanning electron microscopy (SEM) images of sunflower (Helianthus 
annuus) pollen on the stigma a, and spiny structures on the sunflower pollen d. 
(Reproduced from [18] with permission from Royal Society of Chemistry) SEM 
images of the tip of a North American porcupine quill b, and microstructures 
(barbs) on the tip e. (Reproduced with permission from [93]) SEM images of stinger 
of honeybee (Apis cerana cerana) c, and the tip of stinger and barbs near tip f. 
(Reproduced with permission from [94]) Scale bars= 5 m a, 100 m b, 200 m c, 
500 nm d, 20 m e, and 10 m f. 
The sunflower pollen particle has a spherical core body (30 ± 4 µm in diameter) with 1.5-
2 µm long spines, as shown in Figure 7 d. Structurally-derived load-dependent adhesion 
was attributed to the interlocking between the conical spines on the pollen surface and the 
stigma’s receptive papillae (Figure 7 a). Previously, it was reported that the main 
contribution of the selective pollen-stigma interaction was dry adhesion (vdW 
interaction), since no significant difference of force magnitude was observed when the 
viscous liquid (pollenkitt) on the pollen surfaces was washed by organic solvents [19]. 
However, it is hard to generalize this observation because different species of pollens 
carry different amounts of pollenkitt. The contribution of the wet adhesive force 
attributed to pollenkitt seems to be comparable to the contribution of dry adhesion when 
pollens are coated with the sufficient amount (more than 30 wt% of innate pollens) of 
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pollenkitt [95]. Moreover, it was shown that adhesion between unpurified pollens (coated 
with pollenkitt) and stigma-mimetic polymer surfaces had more than doubled adhesive 
magnitude when compared to purified pollens. In addition the selective interaction 
between pollens and stigmas from the same botanical families was also observed when 
liquid pollenkitt wetted the surfaces [18].  
In nature, many animals and plants utilize spiny features to protect themselves from 
natural predators, and these ‘weapons’ are optimized for easy penetration into and high 
adhesion on tissue surfaces. North American porcupines utilize the micro-structured 
barbs (Figure 7 b and e) on the tip of their specialized quills [93]. The conical shape of 
the tip is covered by a layer of backward facing micro-structured barbs, which are 100-
120 µm in length and 35-45 µm in width (Figure 7 e). Compared with the barbless quills, 
the structured quills required 54% less loading force to penetrate into tissue, but required 
about 4 times larger pull-out force to be detached from the tissue surface. It suggests that 
the high-stress concentration near the barbs reduces the required force to deform the 
tissue around the tip of the quill, and the enhanced adhesion is attributed to the 
mechanical interlocking between barbs and tissue [93]. Micro-structured barbs (Figure 7 
c and f) are also observed from the stingers of honeybees and paper wasps [96]. Different 
shapes of the barbs are observed from those two animals, and the shape and size of the 
barbs strongly affect the penetration, extraction, and the repeatable usage of their 
stingers. Similar mechanical interlocking adhesion on tissue surfaces is also observed in 
spiny-headed worms, such as Pomphorhynchus laevis [97]. This endoparasitic worm 
utilizes a barbed proboscis, which is swollen after embedding into the soft tissue of its 
host, to create strong adhesion. 
 26
1.4 Thesis Overview 
In the previous sections, I showed the influence of surface morphology on both dry 
and wet adhesive mechanisms, and I introduced the examples of bio-adhesive systems, 
which utilize unique morphologies to control adhesion magnitude and create unique 
functionalities. In this research, I investigated the adhesion of pollens and pollen-shaped 
microparticles. Pollens have a structural diversity from a simple smooth surface to 
complex and spiny surface morphologies, making them outstanding experimental 
samples to study structural effects on particle adhesion. The adhesive force magnitude of 
microparticles was investigated by using colloidal probe microscopy. In chapter 2, I 
suggest a possible way for manipulating the adhesive force magnitude and range of 
pollen-shaped microparticles. In this chapter, I introduce how the short and long range 
force magnitude of the particles can be tuned simultaneously. In chapter 3, I discuss the 
influence of unique surface features of pollens on their wet adhesive mechanisms and 
correlation between the structural effect and the volume of liquid adhesive. In chapter 4, 
the discovery of a novel functionality from a pollen adhesive is introduced. In this 
chapter, I discuss the reason why the adhesive property of pollen adhesive can be 
preserved under dry and humid environments. Though this studies, I have learned: i) how 
to analyze quantitatively and model the attraction force of micro-particles with complex 
surface micro- and nano-scale morphology ii) the effects of both particle morphology and 
liquid physical properties on wet adhesion of micro-particles iii) how to stabilize the 
humidity-dependence of wet adhesives via control the structure of liquid phases. 
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CHAPTER 2. TUNABLE MULTIMODAL ADHESION OF 
COFE2O4 CERAMIC BIOGENIC REPLICAS ACHIEVED VIA 
GRAIN SIZE CONTROL 
Note: The experiments and results described in Chapter 2 were planned, performed, and 
analyzed in collaboration with W. Brandon Goodwin, Georgia Institute of Technology, 
Atlanta, GA, USA. 
2.1 Overview 
Three-dimensional (3-D) multicomponent CoFe2O4 replicas of pollen 
microparticles have been synthesized with tunable multimodal (VDW and magnetic) 
adhesion properties through the use of surface sol–gel (SSG) processing. High-fidelity 
replication allowed the fine-tuning of particle adhesion via control of the crystallite size 
on the replica’s surface features. The crystallite size controlled the contact area and 
number of contacts, allowing adjustment of the magnitude of short-range ( 10 nm) van 
der Waals (VDW) attraction that controls adhesion. The crystallite size also allowed 
simultaneous fine-tuning of the magnetization of the CoFe2O4 particles in the pollen 
replicas, resulting in remarkable control over the magnetic component of particle 
attraction at long ranges (up to 1 mm). The combined ability to control both short-range 
VDW and long-range magnetic forces by using crystallite size is a unique approach to 
designing biogenic, geometrically-complex 3-D microparticle replicas with tunable short- 
and long-range adhesion. 
2.2 Introduction 
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The tuning of magnetic and van der Waals (VDW) attractive forces of particles 
through the use of chemistry and increasingly, particle shape and nanotopography, are 
valuable approaches to controlling particle adhesion in a wide range of developing and 
mature technologies, including targeted drug delivery, catalysis, water purification, 
chemical separations, sensing, anti-fouling coatings, semiconductor device processing, 
composite processing, printing inks, toners, paints, and the self-assembly of hierarchical 
structures. [98–108] The predominant models for understanding adhesion are based on 
smooth, spherical particles and many experimental studies utilize such model particles. 
[35, 38, 109–113] Thus, there is a strong interest in understanding how adhesion can be 
tuned by the use of non-spherical shaped particles with nanoscale roughness or 
topography. [103, 106, 114] However, the synthesis of micro-particles with regular, 
complex, and well-controlled three-dimensional (3D) nanoscale morphologies remains a 
difficult challenge. Thus, an understanding of the adhesive capabilities of these particles 
is at an immature stage. 
Pollens are naturally-occurring microparticles that are available in a wide variety of 
complex 3D shapes and surface topographies, based on species. [115–125] They are an 
ideal source of non-spherical particles with reproducible, complex morphological 
features. Previous studies show that the adhesion between an echinate (spiny) pollen and 
a planar substrate is governed by the VDW interaction between the spine tip and the 
substrate. Thus, the spine tip end radius, which is significantly smaller than the particle 
overall radius, is the critical dimension that determines the magnitude of particle 
adhesion. [89] Native pollen particles can be used as templates and converted into 3D 
oxide replicas via use of a highly-conformal surface sol-gel (SSG) coating process. [126–
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128] The process allows the capability of further tuning particle adhesion through 
magnetic or electrostatic interactions. Recently, adhesion measurements on SSG-
produced pollen replicas comprised of ferromagnetic hematite (α-Fe2O3) [127] or 
ferrimagnetic magnetite (Fe3O4), [127] suggested that VDW adhesion with a planar 
surface may be based on the crystallite size within the spine tip, as opposed to the spine 
tip radius observed for native amorphous pollen. [95]  
The purpose of this work is to explore the powerful capability that is enabled by 
utilizing the crystallite size of ceramic replicas to tailor the attraction forces of such 3-D 
biogenic microparticles. Native pollen particles were converted into a 3-D 
multicomponent oxide (CoFe2O4) via SSG coating and thermal annealing was used to 
control the average crystallite radius (RC) of the ceramic replicas to investigate its 
influence on the fine-tuning of adhesion. The replicas were attached to AFM cantilevers, 
and short- and long-range attraction forces between the replicas and substrates (Ni, Cu, 
Au, and Ni-Nd) were evaluated with AFM.  
The results indicate that the combination of specific nanoscale surface topography 
and magnetic oxide content of high-fidelity 3-D replicas provide for tuning the 
multimodal attraction to surfaces via both short-range VDW and short-to-long-range 
magnetic forces. Although coating or infiltration methods have been used previously to 
chemically modify or transform pollen [129–132] and other biological microparticles, 
[133–136] the conversion of sustainable biogenic particles into all-inorganic spinel ferrite 
3-D replicas for the purpose of achieving controlled multimodal adhesion based on grain 
size has not been reported. 
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2.3 Experimental 
2.3.1 Replica Fabrication and Analysis 
Fe-O-bearing and Co-O-bearing coatings were applied to cleaned, acid washed 
pollen grains via a computer-automated (in a N2 atmosphere glove box), layer-by-layer 
(LbL) SSG deposition process by: [137, 138] i) immersing pollen grains for 10 min, with 
stirring, in a solution of either 0.0125 M Fe(III) isopropoxide (Alfa Aesar, Ward Hill, 
MA USA) in anhydrous 2-propanol (>99.8% purity, Acros Organics, Geel, Belgium) for 
the Fe-O-bearing layers or 0.0125 M Co(II) isopropoxide (Alfa Aesar, Ward Hill, MA 
USA) in anhydrous 2-propanol (>99.8% purity, Acros Organics, Geel, Belgium) for the 
Co-O-bearing layers, to allow for the chemisorption of a Fe-O-bearing or Co-O-bearing 
layer, ii) rinsing three times with anhydrous 2-propanol followed by vacuum filtration, 
iii) immersion in de-ionized water (DIW) with stirring, for 5 min, to allow for hydrolysis 
of the chemisorbed alkoxide layer, iv) rinsing three times with anhydrous 2-propanol 
followed by vacuum filtration, and v) and drying by vacuum aspiration for 5 min. This 
process (alkoxide exposure, alcohol rinsing, water exposure, alcohol rinsing, drying) was 
repeated 50 times (for a total of 51 cycles) to build up a continuous and conformal 
coating. The pollen particles were coated with alternating Fe-O and Co-O layers, in a Fe-
O:Co-O ratio of 2:1, so as to achieve the desired stoichiometry for the CoFe2O4 spinel. 
The SSG-coated pollen particles were prepared for pyrolysis in the following manner: i) 
SSG-coated pollen particles were suspended in IPA and then dispersed onto nickel foil 
(25.4 µm thick, McMaster-Carr, Cleveland, OH, USA) using a pipette, ii) SSG-coated 
pollen particles were suspended in IPA and then dispersed onto silicon wafers (Wafernet, 
Inc., San Jose, CA, USA) using a pipette, and iii) SSG-coated pollen particles were also 
 31
placed in a MgO crucible. Samples were fired in air using a tube furnace (Lindberg / Blue 
M, NC, USA,) with a ramp rate of 3°C min-1 to a peak temperature 600°C, 700°C, 800°C, 
or 900°C and held at this temperature for 2 h to allow for organic pyrolysis and oxide 
crystallization. The pyrolysis process was also studied using thermogravimetric analysis 
(TGA) (Netzsch STA 449C, Wolverhampton, UK). The TGA measurements were 
performed with the as received pollen and as coated pollen grains at a heating rate of 5 ºC 
min-1 up to 600 ºC in a flowing (flow rate of 50 cm3min-1) synthetic air gas mixture. The 
phase identification for the fired pollen replicas were evaluated at room temperature 
using X-ray diffraction (XRD) analyses. XRD analyses were conducted on a 
diffractometer (X’Pert Pro Alpha-1, PANalytical B.V., ALMELO, Netherlands) with 
CuKα1(1.5405980 Å) radiation emanating from a 1.8 kW ceramic X-ray tube with a 
copper anode (45 kV, 40 mA) through an incident beam Johansson monochromator 
(PANalytical) and detected by an X’Celerator detector. The incident beam optics were 
outfitted with 0.04 rad soller slits, a 2° fixed anti-scatter slit, a programmable divergence 
slit set to 5.5 mm irradiated length, and a 10 mm mask. The diffracted beam optics were 
outfitted with a 5.5 mm anti-scatter slit and 0.04 rad soller slits placed before the 
X’Celerator detector. Each pattern was produced with a summation of 40 identical 30 
minute scans conducted with Bragg-Brentano geometry and a step size of 0.017° 2θ 
ranging from 20° to 90° 2θ. The minimum setting on the Pulse Height Discrimination 
(PHD) for the X’Celerator detector was increased to from 36 to 42 to help discriminate 
between the diffracted signals and fluorescence photons from the Fe and Co atoms. [139] 
Diffraction specimens were dispersed on quartz cut (6° from (0001)) low background 
specimen support (GEM dugout, PA, USA) via pipetting an aliquot of IPA/powder slurry 
 32
onto the specimen support and allowing the IPA to evaporate. Phase identification and 
average crystallite radius (RC) were determined using the HighScore Plus software 
(PANalytical B.V, Almelo, The Netherlands) using a profile fit function. A Pseudo-Voigt 
profile fit function was used in conjunction with a Williamson Hall plot to determine the 
average grain size of the pollen replicas. Elemental analysis was obtained by ICP-MS 
(Inductively coupled plasma mass spectroscopy: PerkinElmer ICP-MS model-ELAN 
9000) and with the use of an energy dispersive X-ray spectrometer (EDS) (INCA Model 
7426, Oxford Instruments, Bucks, UK) equipped to a scanning electron microscope (1530 
FEG SEM, LEO / Carl Zeiss SMT, Ltd., Thorn-wood, NY USA). ICP-MS and EDS 
analyses were both conducted on three different samples in order to obtain the Fe/Co 
ratio.  
2.3.2 Metal Substrate Preparation 
To study the short-range (VDW) and long range (magnetic) adhesion four types 
of substrates were utilize: copper (Cu), gold (Au), nickel (Ni), and a nickel-coated 
neodymium (Ni-Nd) alloy. The three different metal substrates (Ni, Au and Cu) were 
chosen to analyze intermolecular force between the metal surface and the replica. To 
minimize the effect of the surface roughness, 100 nm of Copper and Gold were deposited 
on the silicon (Silicon, Inc., Boise, ID) by CHA Ex e-beam evaporator (CHA Industries, 
Fremont, CA, USA) at a rate of 2Å/sec and a background pressure of 10-6 torr. Nickel 
substrates (0.150 mm thickness, grade 200, 99.5% purity, Shop-aid, Inc., Woburn, MA) 
in the area of 38.5 mm2 was prepared by electro polishing under 1.3 A current for 120 
sec with 8.9 mol L-1 of sulfuric acid as electrolyte and platinum rod as cathode. Both 
metal substrates were washed by acetone (99.5% purity, BDH Chemicals Ltd., Radnor, 
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PA USA) in the ultrasonic cleaner (FS20, Fisher Scientific, Pittsburgh, PA, USA) for 10 
min at room temperature before the experiment. The Ni-Nd substrate consisted of an 
axially-poled, neodymium-iron-boron alloy permanent magnet disk (ND022N-35, 5 mm 
diameter, 1.5 mm thick, Master Magnetics, Inc., Castle Rock, CO USA) onto which was 
attached the polished nickel foil. The surface roughness of each type of substrate was 
evaluated with a scanning probe microscope (Dimension 3100 SPM equipped with a 
Nanoscope V Controller, Veeco Instruments, Inc., Plainview, NY USA) operated in tap-
ping mode at 200-400 Hz using a pyramidal tip silicon cantilever (Applied Nano 
Structures, Inc., Santa Clara, CA USA). For each particular substrate, 3 randomly-located 
scans (10 μm x 10 μm) were conducted, with each scan area split into 10 sectors, and 4 
sectors (1μm x 1μm) were randomly selected. The average roughness value for a given 
substrate was obtained from analysis of these 12 sectors.  
2.3.3 Adhesion Measurement 
To perform the adhesion measurements, single particle (a native sunflower pollen 
particle or oxide replica particle) were attached to an atomic force microscope (AFM) 
cantilever. A small amount of epoxy resin (Epoxy Marine, Loctite, Westlake, OH USA) 
was used to attach a given particle to a tipless silicon AFM cantilever (FORT-TL, 
Applied NanoStructures, Inc.). For each type of pollen-shaped particle (cleaned 
sunflower pollen and CoFe2O4 replica) and firing condition used (600°C, 700°C, 800°C, 
and 900°C), 3 single-particle-bearing cantilever probes were prepared by using a 
procedure described previously [127] (for a total of 12 particle/cantilever probes). The 
spring constants, as determined with the scanning probe microscope, of the sunflower-
pollen-bearing, 600°C, 700°C, 800°C, and 900°C CoFe2O4-replica-bearing cantilever 
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probes fell in the ranges of 0.867-0.973 N/m, 0.899-1.145 N/m, 1.040-1.208 N/m, and 
1.020-1.287 N/m, respectively. The adhesion force between an individual sunflower 
pollen particle, or oxide replica particle, and a particular substrate was evaluated with the 
scanning probe microscope operated in contact mode. For each particular 
particle/cantilever probe and particular substrate, 10 separate force-distance scans were 
randomly obtained, and the depth of adhesion wells upon retraction were aver-aged. The 
load force applied during the contact adhesion measurements was 2.5 nN. The ambient 
relative humidity in the laboratory during the adhesion measurements ranged from 30 to 
35%. Magnetic properties of CoFe2O4 spinel ferrite sunflower replicas were studied using 
a superconducting quantum interference device (SQUID) magnetometer (Quantum 
Design MPMS-5S, San Diego, CA USA) with a magnetic field up to 5 T. Measurements 
were conducted at 300K. 
2.4 Result and Discussion 
2.4.1 Controlled Crystal Size by Firing Temperature 
The pollen particles were coated with alternating Fe-O and Co-O bearing layers, in 
a Fe-O:Co-O ratio of 2:1, so as to achieve the desired stoichiometry for the CoFe2O4 
spinel. Sunflower pollen particles were exposed to 51 SSG deposition cycles (17 Co-O 
cycles and 34 Fe-O cycles) and fired at 600 oC, 700 oC, 800 oC or 900 oC. Secondary 
Electron (SE) images of the sunflower pollen particle after exposure to 51 SSG 
deposition cycles (17 Co-O cycles and 34 Fe-O cycles) and after firing at a peak 
temperature 700 oC for 2 h are shown in Figure 8 a and b. White arrows mark individual 
features that were preserved from the as-coated samples by the pyrolyzed samples. The 3-
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D morphology and sharp echini of the sunflower pollen were retained by the CoFe2O4 
ferrite replicas, even after firing to a peak temperature of 900 oC in air for 2 h. TG 
analyses confirmed that these replicas were freestanding oxides with complete pyrolysis 
of the sporopollenin achieved within 100 min at 600 oC. 
 
Figure 8 – SE images of a) Co-Fe-O-coated sunflower pollen particle exposed to 51 
cycles of the surface sol-gel deposition process; and (b) the same coated particle 
after pyrolysis for 2 h in air at a peak temperature of 700 ºC. Arrows point to select 
features that were preserved after thermal treatment. c) SE image of a single-
particle-bearing cantilever probe with CoFe2O4 sunflower pollen replica fired in air 
for 2 h at a peak temperature of 700 ºC. d) SE image of spike tips of CoFe2O4 
sunflower pollen replica on probe of image (c). Reproduced with permission from 
[140] 
 Inductively-coupled plasma mass spectrometry (ICP-MS) analysis (ICP-MS, 
Wellesley, MA) of the CoFe2O4 pollen replicas fired at a peak temperature of 600 
oC 2 h, 
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was conducted by digesting the samples with aqua regia and heating in a sealed Teflon 
container in a microwave operated at 400 W for 25 min. The ICP-MS analyses were 
repeated three times and yielded Fe/Co atomic ratios of 1.96, 1.91, and 1.86. EDS 
analyses (Figure 9 a) of the CoFe2O4 pollen replicas yielded an average Fe/Co ratio of 
1.98 ± 0.05. The phosphorus and sulfur peak present originated due to residual ash from 
the native pollen grains. The average measured values give a formula composition of 




Figure 9 – a) Representative EDS spectrum of CoFe2O4 ferrite sunflower replicas 
after firing in air to a peak temperature of 600 ºC for 2 h, b) XRD pattern obtained 
CoFe2O4 pollen replicas, c) (311) diffraction peak of CoFe2O4 replicas showing a 
decrease in the FWHM of this peak as firing temperature (2 h) increased, d) The 
crystallite and nanoparticle radii as determined from XRD (black) and SEM (red) 
analyses for CoFe2O4 pollen replicas fired in air for 2 h at a peak temperature in 
the range of 600-900 ºC. Reproduced with permission from [140] 
XRD analyses were then used to evaluate the phase content of the CoFe2O4 ferrite 
replicas, and to determine the grain size resulting from each firing temperature. Figure 9 
b shows the XRD patterns obtained from CoFe2O4 pollen replicas for each firing 
temperature, which indicate that each sample was comprised of single phase CoFe2O4. 
The peak width became narrower at higher firing temperatures, consistent with an 
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increase in average crystal size with firing temperature. Comparison of the experimental 
(311) diffraction peaks for the different peak firing temperatures can be seen in Figure 9 
c. Full pattern profile fitting was conducted on these XRD patterns for crystallite size 
analyses. An increase in RC was observed with increasing peak firing temperature (Figure 
9 d). 
SEM images of individual pollen grains attached to the ends of AFM cantilever 
tips are shown in (Figure 8 c). Higher magnification images were obtained of the 
individual spine tips (Figure 8 d) to enable measurement of the sizes of oxide 
nanoparticles present on the spine surfaces. Twenty particles were measured on 3 spine 
replica tips for each replica sample. For the 600 oC samples, individual nanoparticles 
were too fine to allow for unambiguous nanoparticle size determination. For T > 600 C, 
Figure 9 d provides the average nanoparticle radius (RP) measured by SEM analyses, in 
addition to XRD-determined RC values mentioned above. There are differences in 
magnitude between the XRD and SEM results for crystallite size, possibly due to grain 
size differences on the spine tips vs. within the CoFe2O4 wall of replicas or due to the 
partial exposure of the grains on the surface.  However, both analytical methods clearly 
indicate an increase in crystallite size with increasing peak firing temperature. 
2.4.2 Influence of Crystal Size on Short Range Adhesion 
In order to determine the influence of the average crystal/particle size of CoFe2O4 
pollen replicas on short-range van der Waals (VDW) attraction, contact mode AFM 
measurements were conducted to measure the force of adhesion of CoFe2O4 sunflower 
replica particles (attached to AFM cantilevers) to three different planar metallic 
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substrates: Ni, Au, and Cu films on a silicon wafer. The measured roughness of all 
substrates fell within the range of 0.9-1.1 nm. Plots of the measured average VDW 
adhesion force on each substrate, as a function of surface nanoparticle size (as measured 
from SEM analyses of the 700-900 °C samples) and crystallite size (as measured from 
XRD for the 600-900°C samples) for the CoFe2O4 replicas are presented in Figures 10 a 
and b, respectively. 
The plots in Figures 10 a and b. reveal a similar non-monotonic trend for all three 
metallic substrates; that is, the average adhesion force initially decreased with increasing 
crystal and nanoparticle size, reached a minimum value at crystal and nanoparticle radii 
of 14 nm and 18 nm, respectively (peak firing temperature of 800°C), and then increased 
with further increases in crystal and particle radii. Previous work has indicated that 
crystallite size played a role in the short range VDW adhesion of sunflower ceramic 
replicas (Fe2O3 and Fe3O4).[127] The reported adhesion values were consistent with the 
contact of one or two nanocrystals (average crystallite radii, 17-18 nm) located at the 
spine tips with the substrates. 
The nonlinear behavior in the present case has been further evaluated with the use 
of the following simple Hamaker model for the adhesion force between a sphere and a 
plate:[20]  
, (17)
where A132 is the non-retarded Hamaker constant of material 1 (metal substrate) 
interacting with medium 2 (CoFe2O4) across a medium 3 (air); R is the contact radius of 
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the sphere (or spherical nanoparticle or crystal); x = D/2R; and D is the separation 
distance between the sphere and the plate. An approximate value of A132 (≈ 3.3 X 10
-19 J) 
for CoFe2O4 sunflower pollen replicas on the metal substrates was calculated by using the 
following equation [33] 
	 , (18)
with A11 (≈ 4 X 10
-19 J) [33] and A22 (≈ 4 X 10
-19 J) [141] values obtained from the 
literature, and A33 = 0. The value of Fvdw predicted by Equation (17) should be linearly 
proportional to R for cases when D is much smaller than 2R (i.e., for these cases, the 
second term on the right side of this equation, A132R/6D
2, becomes dominant). For contact 
radii in the range of values of the measured crystal/particle radii shown in Figures 10 a 
and b, the predicted values of the VDW adhesion force associated with such a single 
crystal/particle contact (by A132R/6D
2) are linearly proportional to the radius of the 
crystal/particle. The monotonic dependence of adhesion on crystal/nanoparticle radius 
predicted by the single contact radius model is not consistent with the nonmonotonic 
dependence observed experimentally (Figures 10 a and b). 
Equation (17) was then used to extract values of the effective contact radius (RH) 
for each sample from measured adhesion force values, by solving for the R value (called 
RH) that resulted in a force equal to the measured value. The ratio of RH to the measured 
surface nanoparticle radius (RP) or crystal radius (RC) is plotted versus RP or RC in 
Figures 10 c and 3d. An RH/RP or RH/RC ratio of unity would be consistent with adhesion 
via contact of a single nanoparticle or crystal according to Equation (17). As seen in 
Figures 10 c and d, this condition is roughly met at the values of RP = 18 nm and RC = 14 
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nm, i.e., the replicas fired at 800 C peak temperature. In this case the measured adhesion 
force values of 35-38 nN were close to the values of 27 nN (with RC = 14 nm) or 36 nN 
(with RP = 18nm) predicted by the single contact Hamaker model, Equation (17). 
However, the extracted values of RH were always noticeably different from the measured 
values of RP and RC for the samples fired at 600 C, 700 C, and 800 C, indicating that a 
single contact point cannot explain the adhesion of replicas fired at those temperatures. 
As illustrated in Figure 10 e for a curved surface containing fine particles 
(representing the crystalline grains, assumed simplistically to be spherical in shape with 
uniform radii of RS), the number of particles located within the VDW interaction region 
with the substrate will depend on the particle size. At a sufficiently large particle size, a 
single contacting particle will dominate the short-range van der Waals attraction, 
indicated in Figure 10 e, left side. As shown in the estimated values by Hamaker model 
(A132R/6D
2), such a single-contact model leads to a monotonic increase in the adhesion 
force with an increase in the particle radius. However, for smaller RS values, the adhesion 
force will be dependent on multiple particles interacting within the short VDW range, 
~10 nm.  In this “multiparticle” attraction case, an increase in VDW force may be 
observed with a decrease in particle size, due to the corresponding increase in the number 
of particles interacting with the surface, illustrated in Figure 10 e, right side The 
switching between these two competing effects of particle size on the total VDW 
adhesion is expected to occur at a particle radius within the VDW interaction range, e.g., 
~10 nm.  This is consistent with the experimentally-observed minimum point in Figure 
10 a and b, and can explain the nonmonotonic relationship between adhesion and the 
particle or crystallite size. 
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To provide further support for this hypothesis, a simple computer simulation 
model was utilized. The number of crystallites in the VDW interaction zone (~ \10 nm) of 
the substrate surface and their positions relative to the substrate were determined by 
modeling the grain structure of the replica spine tip as perfectly packed small spheres on 
a large hemisphere. The small spheres represent the crystallites and the large hemisphere 
represents the end of the replica spike (average radius, 196 ± 17 nm), as indicated in 




Figure 10 – AFM measurements of the short-range VDW-based adhesion force for 
CoFe2O4 sunflower replicas of various: a) surface nanoparticle radii (from SEM 
analyses) and b) crystallite radii (from XRD analyses) on metallic substrates. The 
error bars indicate 95% confidence intervals. (c) The ratio of the effective contact 
radius derived from the Hamaker model to nanoparticle radius measured by SEM, 
(RH/RP), versus RP. (c) The ratio of the effective contact radius derived from the 
Hamaker model to crystallite radius measured by XRD, (RH/RC), versus RC. e) 2-D 
diagram illustrating the multiparticle model of VDW adhesion consisting of an 
assembly of symmetrical small spheres of radius (RS) arranged on a larger 
hemisphere of radius RL) Reproduced with permission from [140] 
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Figure 11 b presents the number of spheres in the range of 10 nm from the 
substrate over a range of representative small sphere (crystallize) sizes, RS. It is clear that 
the number of adhesive contacts is large when RS is small, and drops to a limiting value 
as RS increases above ~10nm. The adhesion of each small sphere in the VDW interaction 
zone with the substrate was calculated by Equation (17) by taking the separation 
distances from the substrate as D = H + 0.165 nm (cutoff distance) [33] and by using the 
previously estimated Hamaker constant of A132 ≈ 3.3 X 10
-19 J. The total adhesion 
between the large hemisphere (spine tip composed of many small crystallites) and the 
substrate was calculated by summation of the adhesion forces of each small sphere 
(crystallite) with the substrate, indicated in Figure 11 c. The suitability of the assumptions 
made for the model should be considered. First, it is assumed that only one spike of the 
replica contacts to the metal substrate, and this assumption was proved reasonable in a 
previous study of magnetite pollen replica adhesion. [127] The crystallites are assumed to 
be uniform spheres for the simplification of the adhesion estimation. The size of 
crystallites on the spine tips varies by less than 14 % (Figure 9 d) and the structures of 
crystallites are roughly spherical according to the SEM image of the spine tip (Figure 8 
d). In summing the individual adhesion of each nanoparticle with the flat substrate, we 
are assuming that any permanent or induced dipoles in the crystals or surface do not 
interact with one another. Finally, the individual nanoparticles are assumed to be tightly 
packed on the spine tip surface in our model. Despite these assumptions, the intention of 
the model is to reproduce the first order dependence of the total adhesion on the 
nanoparticle size. The model does show that the qualitative non-monotonic relationship 
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between crystal size and adhesion can be attributed to the counteracting effects of crystal 
size on the VDW force and the number of crystals in the VDW interaction zone.  
 
Figure 11 – a) 3-D schematic of the model of nanoparticles on a spine tip, consisting 
of perfectly packed small spheres on a large hemisphere. ( - radius of small 
spheres, - radius of large hemisphere). Calculated relationship between b) the 
number of small spheres in VDW range (~ 10nm) and radius of small spheres, ( ) 
and c) total adhesion force and radius of small spheres ( ) by the model simulation. 
2.4.3 Influence of Crystal Size on Long Range Magnetic Force 
The magnetic hysteresis behavior of the CoFe2O4 replicas with varying grain size 
was examined with a SQUID magnetometer at room temperature (300 K) via active 
temperature control and at 5 K. As shown in Figure 12 a and b, distinct magnetic 
hysteresis loops, consistent with ferrimagnetic materials, were obtained for all samples at 
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5 K and 300 K, respectively. The values of saturation magnetization (Ms) of the fired 
replicas at 5 K were 58 Am2/Kg, 67 Am2/Kg, 78 Am2/Kg, and 85 Am2/Kg and at 300 K 
were 53 Am2/Kg, 60 Am2/Kg, 72 Am2/Kg, and 80 Am2/Kg for samples fired at a peak 
temperature of 600°C, 700°C, 800°C, and 900°C, respectively. The values of remanent 
magnetization (Mr), (the magnetization values of the fired replicas retained after the 
applied field was removed), at 5 K were 38 Am2/Kg, 46 Am2/Kg, 52 Am2/Kg, and 54 
Am2/Kg and at 300 K measurements were 9 EMU/g, 20 Am2/Kg, 27 Am2/Kg, and 30 
Am2/Kg for samples fired at peak temperature of 600°C, 700°C, 800°C, or 900°C, 
respectively. The values of coercive field (Hc), (the minimum magnetic field required to 
switch the magnetic moment of the CoFe2O4 replicas to the direction of the applied field), 
at 5 K were 1.35 T, 1.22 T, 1.08 T, and 0.45 T, and at 300 K were 0.0490 T, 0.0885 T, 
0.0940 T, and 0.0619 T, for samples fired at 600°C, 700°C, 800°C, or 900°C, 
respectively. For both room temperature and 5 K measurements, Mr and Ms values 
increased with increased peak firing temperature. The increase in saturation 
magnetization values for CoFe2O4, as a function of crystallite size (firing temperature) 
has been reported previously. [142, 143] The referenced magnetic saturation values were 
obtained from nanoparticles synthesized at room temperature by either a solution 




Figure 12 – Superconducting Quantum Interference Device (SQUID) analyses 
conducted at 300 K for CoFe2O4 sunflower replicas synthesized at various peak 
reaction temperatures. a) Entire plots and b) magnified sections. c) AFM 
measurement of the magnetic adhesion force vs. distance for CoFe2O4 sunflower 
replica probe on a Ni-Nd substrate (dots). The force was obtained at ~300 μm from 
the edge of the disk-shaped Ni-Nd substrate. d) Combined short range (VDW) and 
short to long range (magnetic) adhesion for native sunflower pollen and sunflower 
pollen replicas. Reproduced with permission from [140] 
To investigate the effect of crystallite size on the longer-range magnetic force, the 
attraction forces between CoFe2O4 sunflower replicas with various crystallite sizes and a 
permanent magnet Ni-Nd substrate were measured by AFM. The force measurements 
were conducted at a lateral distance ~300 μm from the outer edge of the disk-shaped Ni-
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Nd magnet and measured at height intervals of 50 μm from the surface. The measured 
attraction forces for the 600°C, 700°C, 800°C, and 900°C samples are shown in Figure 
12 c. This figure reveals a monotonic increase in the measured magnetic force of 
attraction with peak firing temperature, which is consistent with an increase in the RC or 
RP with peak firing temperature (Figure 9 d). Such an increase in magnetic force with 
average crystal size is consistent with the measured increase in the values of 
magnetization (at a given applied magnetic field) with crystal size of the CoFe2O4 
replicas (Figures 12 a and b). Control over the average crystal/nanoparticle size of the 
nanocrystalline CoFe2O4 pollen replicas, through adjustment of the peak firing 
temperature, provided a means for controlling both the short-range (VDW) and long-
range (magnetic) forces of attraction. To reveal the extent to which the total force of 
attraction (short-range + long-range) of the CoFe2O4 pollen replicas could be tailored 
relative to the native (cleaned) sunflower pollen, the total attraction of such pollen 
replicas and native pollen to the magnetic substrate is shown in Figure 12 d. The total 
force of adhesion of the CoFe2O4 replicas to the Ni-Nd substrate could be increased by a 
factor of ~3 (for a peak firing temperature of 900oC) relative to the native pollen grains. 
2.5 Conclusion 
This work demonstrates that a highly-conformal SSG-coating process can be used, 
along with controlled thermal treatments, to convert sunflower pollen particles into 
nanocrystalline ferrimagnetic (CoFe2O4) replicas exhibiting controlled multimodal 
adhesion via short-range ( 10 nm) VDW-based attraction and short-to-long-range (up to 
1 mm) magnetic attraction. An increase in crystallite size, from higher temperature 
thermal treatments, resulted in increases in the values of both remanent and saturation 
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magnetization. The improved magnetic properties led to a detectable increase in long-
range attraction to magnetic substrate. A reproducible nonmonotonic relationship was 
also observed between average CoFe2O4 crystal size and short-range VDW adhesion. The 
crystallite size correlation with VDW adhesion correlation was attributed to the 
counteracting effects of crystal size on the VDW force of an individual crystal and on the 
number of crystals within the VDW interaction zone. This tendency was explained by a 
multi-sphere Hamaker model. The long-range magnetic force was also tailored by 
adjusting the average crystal size, because an increase in grain size resulted in an increase 
in the magnetization of the replicas. By controlling the crystallite size of the ceramic 
pollen replicas, both the long-range (magnetic) and short-range (VDW) adhesion force 
could be tuned. 
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CHAPTER 3. INFLUENCE OF SURFACE MORPHOLOGY ON 
STATIC AND VISCOUS ADHESIVE FORCE OF CAPILLARY 
LIQUID BRIDGES 
3.1 Overview 
 Most of current knowledge of the wet adhesive mechanism with a viscous liquid 
bridge is still under the limit of simple geometries without considering organized fine-
scale surface features. We investigated and discussed how the fine-scale morphology on a 
surface could affect the wet adhesive mechanism of the viscous liquid bridge at various 
separation rates and film thicknesses. To investigate the surface morphology effect on the 
wet adhesive mechanism with a viscous liquid bridge, the wet adhesive mechanism of 
pollen grains on pollenkitt liquid bridges was studied qualitatively and quantitatively. 
Pollens are well-known microparticles with organized fine-scale surface morphology, and 
pollenkitt is the common adhesive material coating the surface of pollen pollinated by 
animals. Two different pollens (ragweed and sunflower) were used to examine the effect 
of surface morphology on the wet adhesion mechanism. 
3.2  Introduction 
 For two surfaces in contact to separate, the adhesion between them must be 
overcome. It is well known that adhesion of solid surfaces can be enhanced or weakened 
by the formation of a liquid bridge, depending on the physical properties and volume of 
the liquid. [144][145] The two main contributors to wet adhesion resulting from liquid 
bridges are static capillary forces and hydrodynamic viscous forces. [144][146] Under 
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static conditions, wet adhesion is controlled by capillary forces, but the contribution of 
viscous forces becomes important as viscosity and shear rate increase. [52] The adhesion 
of liquid bridges is important for wet adhesion in Nature, including pollens [147], spiders 
[148], insects [149], tree frogs [150], and geckos [151]. It is also very important for 
applications involving granular materials [152], particles (e.g., hard disk drives [153], 
dust filters [154]), nanolithography [155], and aerosols [156]. For a fluid that wets the 
substrates that it bridges, the combination of the surface tension of the liquid and Laplace 
pressure in the meniscus leads to an attractive force. [157] The capillary forces of thin 
water films (low viscosity) and surfaces with simple geometries, such as planes, cones, 
cylinders, and spheres, have been studied by numerous researchers. [21] Since 
Matthewson proposed a model for viscous forces between spheres connected by a liquid 
film[158], the influence of viscosity, initial film thickness, and separation distance on the 
wet adhesion of simple geometries has been studied in detail. [144][146][159][160] In 
Nature, many of the surfaces spanned by liquid bridges have complex geometries, such as 
spiky, hairy, fibrillar and other hierarchically-structured surfaces. These include the 
adhesive pads on the feet of flies [161], stick insects [162], beetles [149], and spiders 
[163]. However, knowledge of the wet adhesive mechanisms of viscous liquid bridges 
between surfaces with such complex geometries is quite limited.  
 Pollens are well-known microparticles with organized fine-scale surface 
morphology, [122] and pollenkitt is a liquid adhesive material coating the surface of 
many pollens, especially those pollinated by animals. [147] Pollens are known to be 
widely dispersed in Nature and their adhesion to surfaces is critical to their successful 
transport to the flower stigma. Pollenkitt liquid coatings form capillary bridges that are 
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significant in dictating the magnitude and humidity dependence of pollen adhesion forces.  
[89][90] Pollens display a wide variety of structural variations, [122] through 
evolutionary optimization. [164][165] In addition, the pollen outer shell (exine) is 
extremely resistant to non-oxidative physical, biological, and chemical degradation. [166] 
Therefore, the wet adhesion of pollens is an ideal system to study viscous effects on 
adhesion liquid bridges between complex geometrical surfaces. 
 In this paper, we report that viscous liquid pollenkitt bridges result in a 
remarkable dynamic rate-dependent wet adhesion, which is a sensitive function of the 
size of spiny features on the pollen surface. The adhesion of pollen grains with pollenkitt 
was studied quantitatively by using atomic force microscopy (AFM). Two pollens with 
different morphologies (ragweed and sunflower) were used to examine the effect of 
surface morphology on the wet adhesion mechanism. The magnitude and hydrodynamic 
response of the wet adhesion due to the shear thinning viscous liquid bridge were 
modeled by combining expressions for the static capillary and dynamic viscous forces. 
This model allows accurate determination of pollenkitt viscosity directly from the AFM 
measurements on pollens. The length of pollen spines is found to control whether the 
liquid bridges form around a single spine or multiple spines, allowing tuning of the 
magnitude and dynamic range of viscous forces. Not only do these discoveries offer 
insight into the mechanisms operative in Nature, but they also are relevant to 
understanding pollen accumulation in indoor environments. Mimicry of these features 
may offer inspiration for new adhesion mechanisms for microparticles, particularly those 




3.3.1 Pollen Preparation 
 Native non-defatted grains of ragweed (Ambrosia artemisiifolia) and sunflower 
(Helianthus annuus) pollens were purchased from Greer Laboratories (Lenoir, NC) and 
stored at 0 °C prior to use. The pollen grains were immersed in a chloroform and 
methanol mixture (3:1) for 24 h, [167] in order to extract pollenkitt, before being 
deposited on filter paper (P5, Fisher Scientific, Pittsburg, PA) supported on a stainless 
steel 47 mm screen (Kontes Glass, Vineland, NJ) and dried under vacuum at 60 °C for 12 
h. A second immersion was conducted in 1 M hydrochloric acid (VWR, Suwanee, GA) 
for 1 h to remove residual external organic material followed by rinsing three times with 
deionized water. 
3.3.2 Pollenkitt Preparation 
 The separation and collection of pollenkitt were accomplished by a chloroform 
and methanol mixture (3:1) solvent extraction from dandelion (Taraxacum officinale) as 
described in a previous study. [95] The dandelion pollens were used as a source of 
pollenkitt because it was desired to use a single source of pollenkitt when making 
comparisons of the geometry effects of the two different pollens on viscous forces. In 
addition, dandelion pollens are coated with a relatively large volume of pollenkitt, about 
60 wt%, compared to sunflower (30 wt%) and ragweed (15 wt%) pollen, facilitating 
recovery of volumes sufficient for rheometry. While it is known that there are differences 
in the composition of pollenkitt from different plant species, the wetting properties of 
dandelion and sunflower pollenkitt were almost undistinguishable as reported previously. 
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[95] The wettability of the dandelion pollenkitt on the surface of both ragweed and 
sunflower pollens is expected to be very similar because sunflower and ragweed are from 
the same family (Asteraceae) and IR spectra of the surface of both pollens are nearly 
identical. The solution containing extracted pollenkitt was dried under vacuum for 1 day 
at room temperature and stored at ambient condition for 5 days. The pollenkitt solution 
was prepared by re-dissolving approximatively 50 mg as obtained ‘dry’ pollenkitt in 5 
mL of the chloroform and methanol mixture (3:1). Pollenkitt samples with a range of 
thicknesses from 30 nm up to 2 μm were fabricated on a clean silicon substrate by spin-
coating (WS-400, Laurell Technologies Corporation, North Wales, PA) of the pollenkitt 
solution at 2000 rpm for 1 min. 
3.3.3 Force Measurement 
 Adhesion of pollens was measured using atomic force microscopy (AFM, Veeco 
Dimension 3100) at different separation rates (from 500 to 67000 nm/s).  The AFM 
cantilever was located 6 μm above the silicon support prior to approach and the same 
approach rate of 500 nm/s was used for all experiments, even those in which separation 
rate was varied.  Holding the initial approach velocity constant allows for a consistent 
particle contact with the pollenkitt films as well as an initial volume of liquid wetting the 
particles. Tipless rectangular cantilevers (Fort-TL, AppNano Inc., Santa Clara, CA) with 
nominal spring constants of 0.6-3.7 N/m were used to fabricate colloidal probes 
consisting of a single pollen grain attached by a small amount of epoxy resin (Epoxy 
Marine, Loctite, Westlake, OH). [127] The actual spring constants for the fabricated 
cantilevers were directly determined by the methods of Burnham and Hutter et al. 
[168][169] A series of 3 force-distance curves were measured for separation rates  of 500, 
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1000, 5000, 15000, 30000, and 67000 nm/s. The humidity was controlled under normal 
air condition (RH of 25-35%), and the loading force on the cantilevers were controlled at 
25 nN in all experiments 
3.3.4 Scanning Electron Microscopy (SEM) 
 The surface morphology of the pollen grains was characterized by scanning 
electron microscopy (SEM) (Zeiss Ultra60 FE-SEM, Zeiss, Germany) at accelerating the 
potential of 5.0 kV. Cleaned defatted pollens were sputtered with gold and then mounted 
on metal stubs using carbon tape. 
3.3.5 Viscosity Measurement 
 The viscosity of the pollenkitt solution was measured with a rotational rheometer 
(PHYSICA MCR 300, Anton Paar) in a cone and plate geometry with a plate diameter of 
25 mm. The measurement was performed over a range of shear rate from 1-100 s-1 at 
room temperature. 
3.4 Results and Discussion 
 SEM images of typical ragweed and sunflower pollens utilized in the AFM 
adhesion experiments are shown in Figure 13.  Ragweed pollens have a spherical core 
shape with fine-scale (800-1000 nm length) spiny asperities (sharp and short) distributed 
on the surface. Sunflower pollens also have a spherical core with coarser scale (3-4 μm 
length) surface asperities (blunt and long). The detailed quantitative metrics derived from 
the images are listed in Table 1.  As shown in Figure 13, the exine surfaces of both pollen 
grains were free of pollenkitt after washing with the chloroform and methanol mixture.   
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Figure 13 – SEM images indicating the surface morphology of pollen grains: 
ragweed pollen at low (A) and high (B) magnification, and sunflower pollen at low 
(C) and high (D) magnification.  The scale bars are 2 μm for (A) and (C), and 500 
nm for (B) and (D). 






of Spines ( , °  
Spine Length 
(μm) 
Spine Tip radius 
(nm) 
Ragweed 15 ± 3 30 0.8 ~ 1 25 ± 3 




3.4.1 Differences between Dry Adhesion and Pollenkitt-mediated Wet Adhesion 
 To provide a pollenkitt-free control, the dry adhesion between cleaned ragweed 
pollen and Si was measured and is presented in Figure 14 (A). The wet adhesion of 
ragweed pollen on Si mediated by a pollenkitt liquid bridge is presented in Figure 14 (B). 
Contributions to dry adhesive forces caused by water condensation on the pollen tip, such 
as enhanced jump-in distance (step (g) in Figure 14 (C)) or RH-dependent adhesion 
forces, were not observed over 25-35% RH, in agreement with previous studies. [95] For 
the ‘wet’ adhesive studies in the presence of liquid pollenkitt bridges, the control of 
relative humidity and temperature was important to maintain consistent wetting 
properties of pollenkitt. No significant changes of pollenkitt wetting and viscous 
properties was observed between 25-35% RH at room temperature, as reported in a 
previous study. [90]  Within each data set in which the separation rate was varied (both 
for the dry and wet), the approach curves at an approach rate of 500 nm/s were very 
consistent and nearly overlapping. The approach curves for wet adhesion showed much 
stronger jump-in forces (≈ 450 nN) than for dry adhesion, and the jump-in force occurred 
at a longer separation distance of ~1.8 μm from the Si substrate (Figure 14 (B)). A 
prominent feature of the results was that the magnitude and range of wet adhesion 
became stronger as the speed of retraction increased, eventually doubling in magnitude at 
the highest rate probed of 67000 nm/s. On the other hand, retraction curves of dry 
adhesion were independent of separation rate (Figure 14 (A)). The jump-in force of the 
pollen dry adhesion mainly consists of the vdW interaction which has a ~10 nm force 
range, [89] and the magnitude of the vdW interaction of ragweed pollen is known to be 
dominated by the interaction between the surface and the single contacting spine tip. The 
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measured dry adhesion force (40-50 nN) was similar to that observed in a previous study. 
[95] 
 In contrast, the jump-in force of the wet adhesion was attributed to the capillary 
forces of the liquid bridge. [159] Figure 14 (C) shows the wet adhesion events and their 
correlation with cantilever bending. When the pollen particle contacted (Figure 14 (B)) 
the liquid surface, the pollen experienced both a capillary force toward the pollenkitt film 
and the elastic force of cantilever in the opposite direction. The jump-in distance was 
dependent on the initial thickness of the liquid pollenkitt. [160] The jump-in distance of 
wet adhesion in this experiment was about 1.8 μm, much longer than for dry adhesion 
(about 10 nm). The maximum bending of the cantilever by the jump-in force occurred at 
1.2 μm above the surface (Figure 14 (C)), and the approach rate of the particle became 
slower than the cantilever after the maximum bending point due to the viscous resistance 
of the liquid (Figure 14 (D)). Finally, the pollen didn’t move further after it reached the 




Figure 14 – Comparison of AFM force-distance curves at different separation rates 
from 500 nm/s to 67000 nm/s. (A) Dry adhesion of ragweed pollen on Si substrate. 
(B) Wet adhesion between ragweed pollen and pollenkitt film on Si substrate. (C) 
Schematic of the wet adhesion events ((a) ~ (g) of the curves in (B)) of pollen and 
pollenkitt showing the response of cantilever bending. 
 The force magnitude and separation rate dependence of the pollen wet adhesion 
were significantly different from those observed for dry adhesion. It is well known that 
two forces, the capillary force ( ) and viscous force ( , mainly contribute to the wet 




The magnitude of the capillary and viscous forces of ragweed pollen (Figure 14 (B)) can 
be understood by a wet adhesion model of a spherical particle and a planar surface. This 
approximation considers the immersion of the core pollen in a liquid film, but ignores the 
contributions of spine features significantly smaller than the core, which is close to the 
case of ragweed pollen (Table 1). Multiple step-like features were not observed in the 
retraction curves of wet adhesion in Figure 14 (B), indicating that a single liquid bridge 
between the particle core and liquid film is present (as opposed to multiple bridges on 
individual spines). The SEM image in Figure 13 indicates that the average length of 
ragweed spines is about 900 nm, about half of the film thickness, allowing the spines to 
be fully immersed in the pollenkitt film ( 1.8 μm).  Thus, the SEM and force profiles are 
consistent with formation of a single liquid bridge between the spherical core body of the 




Figure 15 – Schematic of a liquid bridge between a sphere and liquid film. This 
schematic is relevant to cases in which pollen spines are short enough to be fully 
immersed in the liquid film, allowing wetting of liquid on the core pollen body. 
 A rate-dependent response was not observed at retraction rates below 5000 nm/s, 
and the force magnitude of wet adhesion in this range of separation rates could be 
explained by the estimated capillary force from the sphere–plane model (Figure 15). The 
surface tension and Laplace pressure are the two main components of the capillary force. 
[21][170] The contribution of surface tension to the capillary force at low H (R >> H) is 
small but increases very quickly as  H approaches R. In contrast, the contribution of 
Laplace pressure is the dominant term in the capillary force at low H but decreases very 
quickly as H approaches R. [170] The capillary force was quantified as shown in 
Equation (20) by assuming that the Laplace pressure difference in the pollenkitt film is 
negligible, and evaporation and condensation of liquid during the force measurement are 
also negligible. [159]  These assumptions are justified because the radius of curvature for 
the ragweed pollen will be in the range of 7.5 μm, which makes the magnitude of the 
force due to Laplace pressure about 76 nN, clearly low relative to the observed adhesion 
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forces. In addition, pollenkitt is not volatile and evidence of water condensation during 
measurements was not observed over the limited RH range used here. 
2 ∅ ∅ , (20)
 where  is the surface tension of the liquid,  is the contact angle between the 
sphere and liquid, and ∅ is the filling angle indicating the height of the wetting perimeter. 
One continuous capillary meniscus would encircle the pollen when the liquid film is 
thicker than the length of spines on the pollen, which is the case for ragweed in the thick 
film (Figure 14). In this case, the shape and size of the liquid bridge would be more 
dependent on the core size of the ragweed pollen than the fine-scale spine morphology. 
The surface tension (  = 45 mJ/m2) was taken from a previous study, where it was 
determined from contact angle measurements. [95] The thickness of the liquid pollenkitt 
film was approximated by the jump-in distance of the AFM approach curve in Figure 14 
(B) as d + D 	1.8 μm, and the initial separation distance (D) was assumed to be 
equivalent to the average spine length of ragweed pollen (900 nm).  The values of x (3.6 
μm) and ∅ (28°) were estimated from the known values of R and d, by using Equation (21) 
and (22). 
 (21)
∅ /  (22)
 Pollenkitt is known to wet the surface of pollen, and the contact angle of 
pollenkitt on pollen is between 0° and 30° as shown in a previous study. [95] Thus, a 
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value of 15° was assumed for the contact angle between pollen and pollenkitt. Based 
upon these values, the capillary force estimated by Equation (20) was 690 nN, reasonably 
close to the actual measured capillary force of 620 ± 15 nN. Both the estimated and 
measured capillary adhesion forces (Figure 14 (B)) were one order magnitude higher than 
the dry adhesion forces that are caused by vdW interactions (Figure 14 (A)).  
 
Figure 16 – (A) Capillary and viscous adhesive forces versus separation rate for 
ragweed pollen in thick (1.8 μm) pollenkitt films. The solid red line is estimated 
viscous force of ragweed by the proposed model (Equation (25)). The solid blue line 
is the summation of estimated viscous forces (red line) and the constant capillary 
force (621 nN) measured at low separation rate. (B) Viscosity of pollenkitt 
calculated from AFM adhesion forces and measured by rheometer, as a function of 
shear rate. The solid line is a fitted power law relationship between viscosity and 
shear rate. 
 As shown in the retraction curves for wet adhesion in Figure 14 (B), the adhesive 
forces begin to increase in both magnitude and range at separation rates above 5000 nm/s. 
The magnitude and range of wet adhesion eventually doubles at the highest rate probed of 
67000 nm/s. An explanation of this dynamic response lies in understanding the combined 
effects of a static capillary force (independent of separation rate) and a dynamic viscous 
force (rate dependent). Since the capillary forces as modeled by Equation (20), and 
measured directly to be 620 nN for separation rates < 5000 nm/s, are independent of 
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separation rate, the added adhesive force that appears at rates exceeding 5000 nm/s is 
attributed to viscous response. Figure 16 (A) plots both contributions to the adhesive 
force versus separation rate, noting that all values are taken at the same approach rate of 
500 nm/s and loading force of 25 nN. The viscous force between a spherical particle and 




which has the form of Stoke’s drag on a sphere [(6 	velocity] amplified by a 
geometric factor (R/D), where  is the viscosity of the liquid. A dependence of adhesive 
force on separation rate is described by Equation (23), and while this viscous term is 
expected to dominate the behavior of highly viscous liquids, it can also become very 
important for liquids of modest viscosity at high shear rate. The rate-dependent adhesive 
forces, which appear only at a rate of 5000 nm/s and higher, suggest that the magnitude 
of the viscous force exceeds the static capillary forces only above this separation rate. To 
estimate the viscous force by Equation (23), the viscosity of pollenkitt was required. It is 
well-known that pollenkitt is a viscous liquid, but the rheological property of pollenkitt 
has not been reported by others. The viscosity of pollenkitt was measured by a cone and 
plate viscometer (Figure 16 (B) red circles). The viscosity of pollenkitt has a notable 
shear thinning behavior between shear rates of 1 and 20 s-1, but the shear thinning 
behavior is not significant at higher shear rates, as shown in Figure 16 (B). We also used 
Equation (23) and the measured viscous forces to estimate the viscosity of pollenkitt at 
the different separation rates. To compare the estimated viscosity to measured values, the 
separation rate (unit of μm/s) was converted to shear rate (s-1) by dividing by the 
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perimeter of the liquid bridge, 2πx (x = 3.6 μm, from Equation (21)).  The viscosity 
values calculated from AFM adhesion forces with Equation (23) are shown in Figure 16 
(B) as black squares. The independently determined values of viscosity appear to agree 
well in the range of shear rates that were probed in both rheometry and AFM 
measurements. In the shear thinning region (below 20 s-1) the rheometry and AFM-based 
viscosities were fitted to a power law with an exponent of -0.385 (with R2 = 0.9885) as 
shown by the blue curve in Figure 16 (B). The relationship between shear rate and 
viscosity was used to develop a relationship between separation rate and viscosity by 




Combining Equation (23) with the viscosity given by Equation (24), the viscous forces 
over separation rates from 0.5 μm /s to 70 μm /s can be estimated by Equation (25) (solid 




By using this approach, the magnitude of the viscous forces between pollen and pollenkitt 
were successfully modeled. The calculated viscous and total adhesive forces in Figure 16 
(A) (solid lines) also suggest that the contribution of viscous force on total wet adhesion 
is not significant (less than 6.3 % of total force) at separation rates below a critical value 
(5000 nm/s). However, the viscous forces become comparable to the capillary force near 
this critical value, and dominates the adhesion at higher separation rates.  
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3.4.2 The Influence of Pollen Surface Morphology on Wet Adhesion with a Thick Films 
(1~2 μm) 
 To investigate the effect of surface morphology on wet adhesion mechanisms, a 
pollen species with significantly larger spines than ragweed was also studied, sunflower 
pollen. Sunflower pollens have a larger core radius and possess spines that are more than 
twice as long as ragweed pollens (Table 1). 
 
Figure 17 – (A) Adhesion versus separation distance for sunflower pollen and a 
thick pollenkitt liquid film (thickness, 1.2 μm) on a Si substrate. (B) Capillary and 
viscous forces from wet adhesion of sunflower pollen as a function of separation 
rate. 
Figure 17 (A) shows the AFM force-distance curves for wet adhesion of sunflower pollen 
with a thick pollenkitt liquid bridge (initial thickness, 1.2 μm) at different separation rates 
(500 - 67000 nm/s) on Si. The loading force was set at 25 nN, and the separation distance 
was set at 6 μm. The sharp jump-in events in the force curves (Figure 17 (A)) showed 
that the sunflower probe reached a maximum bending sooner than ragweed ((b) and (c) in 
Figure 17 (B)). The dry adhesion force, reported previously to be 60	 	8 nN [95], is 
significantly less than the wet adhesion observed here in the presence of pollenkitt.  Like 
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the case for ragweed, sunflower wet adhesion increased with separation-rate at rates  
5000 nm/s. However, compared to the wet adhesion of ragweed, the wet adhesion was 
one order lower magnitude for sunflower pollen.  In addition, unlike ragweed, sunflower 
showed multiple step-like features during probe retraction.  
 
Figure 18 – (A) Schematics of liquid bridges formed by ragweed (top) and sunflower 
pollen (bottom) on a 1.5 μm thick pollenkitt film. The drawings are based on the 
known ratios of the sizes for pollens and pollenkitt films. 
 The magnitude and shape differences between the force-distance (both approach 
and retraction) curves of ragweed and sunflower pollen illustrate an important effect of 
fine-scale surface morphology on capillary adhesion. Figure 18 shows general features of 
the expected shapes of liquid bridges for ragweed and sunflower pollens immersed in a 
1.5 μm thick pollenkitt film, based upon the known size and geometry of the spines and 
the core pollen. When the pollens contact the surface of the liquid film, the pollens are 
pulled toward the pollenkitt film due to an attractive capillary force. A liquid bridge with 
a larger radius (x) can be generated by ragweed because the longer spines of sunflower 
pollen (average length of spine, 3.5 μm) act as offsets that prevent contact between the 
core pollen and the liquid film. Therefore, a much smaller liquid bridge was generated 
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between the spine of sunflower pollen and the solid support (Figure 18 (bottom)). Based 
on geometry alone, it is apparent that compared to the sunflower pollen, a larger volume 
of pollenkitt can be contained in the meniscus of the approaching ragweed pollen. 
Therefore, the resistance of the approaching movement of ragweed pollen by shear stress 
was stronger than sunflower pollen, and it caused the delay of the snap-on event in the 
approach of the ragweed pollen, as shown in Figure 14 (B) (between (b) and (c)). On the 
other hand, the snap-on event in the approach curve of sunflower pollen didn’t show 
notable delay, as shown in Figure 17 (A), because a relatively smaller volume of 
pollenkitt was associated with the approach of sunflower pollen. For the same reasons 
(volume of pollenkitt in liquid bridge), the retraction sunflower pollen shows a weaker 
wet adhesion magnitude than the ragweed pollen at this film thickness.  
 According to the approach curve of the sunflower pollen probe in Figure 17 (A), 
the thickness of the pollenkitt film can be estimated around 1.2 μm, much larger than the 
radius of sunflower spine (125 ± 10 nm), but smaller than the length of the spines (3-4 
μm). This geometry resembles an immersed conical cylinder in an infinitely large film. 
The most common and simple method to calculate capillary adhesion in this geometry is 
the Wilhelmy equation [  =   perimeter  projection factor], which is the capillary 
force component of a cone-plane geometry due to the direct action of surface tension 
[21][172]     
2 cos . (26)
 The radius (x = 290 nm) of a contact line between liquid and the spine of a 
sunflower pollen was approximated as the spine cross-sectional radius when the spine is 
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immersed to the full depth of the liquid film (1.2 μm). Analysis of SEM images of single 
spines (Figure 13 (D)) allowed calculation of the cross-sectional radius based on 
knowledge of the average slant angle , measured to be 9° (Table 1). The contact angle 
between pollen and pollenkitt was taken to be 15° as described in Table 1.	 Based on 
these values, the estimated capillary force between sunflower pollen and pollenkitt by 
Equation (26) was about 82 nN, a magnitude that is 58 % of the measured force, 140 nN 
(Figure 17). The orientation of the AFM probe pollen is not necessarily with one spine 
absolutely perpendicular to the substrate, i.e., more than one spine may make contact. 
Hence, the estimated force of 82 nN is reasonable for one spine. In fact, two retraction 
steps were observed on the retraction curves of sunflower pollen on Figure 17 (A), 
indicating that two liquid bridges were formed, which would lead to a force of 
approximately 160 nN, close to the measured result. 
 The measured and estimated capillary forces of sunflower pollen were about 4-5 
times less than the estimated (690 nN) and measured (620 nN) capillary forces of 
ragweed pollen. The viscous force of ragweed was also 3-4 times stronger than the 
viscous force of sunflower pollen, and this force difference between both pollens can be 
explained by the meniscus area difference. According to a previous study of the effect of 
meniscus area on wet adhesion [144], meniscus area roughly scales as πx2 and is an 
important factor in both capillary and viscous wet adhesion. When surface tension is 
dominant to capillary forces, viscous force, proportional to (meniscus radius)2, is more 
sensitive to the meniscus radius and area than is the capillary force, proportional to 
meniscus radius, as seen in Equation (20), (5), and (8). The estimated meniscus area on a 
ragweed pollen immersed in a liquid with thickness of 1 - 2 μm was about 4.7 to 48 μm2, 
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much larger than the meniscus area on an immersed sunflower pollen spine, 0.22 to 0.56 
μm2. These roughly ‘order of magnitude’ differences correlate approximately to 
differences observed in the adhesive forces between ragweed and sunflower pollen in 
liquid pollenkitt thick films.  
3.4.3 The Influence of Surface Morphology on Wet Adhesion with Thin Films (below 
800 nm) 
 Wet adhesion of both pollens was decreased as the pollenkitt thickness decreased. 
Figures 19 (A) and (B) show the force-distance curves of ragweed and sunflower pollen 
with thin pollenkitt films (thickness of 66 nm (sunflower) and 86 nm (ragweed)). The 
magnitude of wet adhesion for both pollens was much smaller compared to the wet 
adhesion with thick pollenkitt films (Figure 16 (A) and Figure 17 (A)). The magnitude of 
the capillary contribution of both pollens with thin films was not very different (Ragweed 
48 nN and Sunflower, 52 nN), but the viscous force of the sunflower was much higher 
than the ragweed pollen, and it indicated that sunflower pollen had a more sensitive 





Figure 19 – Adhesion versus separation distance of pollen immersed and retracted 
from thin pollenkitt films: (A) ragweed pollen. (B) sunflower pollen. Schematics of 
the liquid bridges formed on a spine of ragweed (C) and sunflower pollen (D), 
drawn to scale based on the relative spine sizes. 
 By assuming that the surface tension dominates the capillary force, the capillary 
forces can be estimated by Equation (26). The values of  and x (in Figure 19 (C) and 
(D)) of both pollen spines were directly measured from SEM image of the spines. The 
spines of ragweed are curved and the 	increases from 12° to 37° as h increases from 100 
to 750 nm (Figure 20). The 	value of sunflower was comparatively constant around at 
9° as h is above 300 nm, and the contact angle of pollenkitt on pollen was taken to be 
15°. Based on Equation (26) and measured forces, the x values of the pollen liquid 
bridges were estimated. The x value of the liquid bridge of ragweed pollen was estimated 
to be 180 nm by using the measured capillary force at low separation rate in Equation 
(26) and solving for x.  The corresponding height of the liquid bridge (h) was estimated 
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to be 450 nm based on the spine geometry determined from SEM analysis, as shown in 
Figure 20 (A). In the same manner, the x value of sunflower pollen was estimated to be 
180 nm, and the height of the liquid (h) was estimated to be 375 nm (Figure 20 (B)), 
which is 17 % thinner than the h of ragweed. The thinner h value of sunflower pollen is 
reasonable because the initial pollenkitt film thickness of sunflower pollen was about 66 
nm (jump-in distance from Figure 19 (A)), which was 23 % thinner than the initial 
pollenkitt film thickness used for the ragweed pollen experiments (86 nm, from Figure 19 
(B)). The larger tip radius of spines on sunflower pollens resulted in a larger liquid bridge 
radius compared to ragweed. Therefore, the thinner h of the liquid bridge for sunflower 
‘corrects’ for the effects of the larger sunflower spine size, and results in a similar 
magnitude of capillary force as the smaller sized ragweed pollen, as shown in Figure 19 
(A) and (B). 
 
Figure 20 – The slant angle and cross-sectional radius based on SEM image analysis 
of (A) ragweed pollen, (B) sunflower pollen as a function of position along the spine 
length. 
 The remarkable difference in hydrodynamic response of the pollens in the thin 
pollenkitt films relative to the thick films can be explained by two different factors: the 
submerged volume and the separation distance between the spine and substrate. For 
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example, the estimated contact radii (x) of both pollen spines in Figure 20 were close 
when the h was around 450 nm, so the capillary forces (ragweed 48 nN, sunflower 52 
nN) estimated by Equation (26) are also close at h = 450 nm. However, the volume of the 
solid sunflower pollen spine submerged to the 450 nm depth of liquid was about 0.027 
μm3, more than twice as large as the submerged volume of the ragweed spine of ragweed 
pollen (0.012 μm3). The submerged volumes of the spine of both sunflower and ragweed 
were calculated by the summation of the local volumes of the 5 conical cylinders located 
on a spine at the different regions of height (between 75 ~ 150 nm, 150 ~ 225 nm, 225 ~ 
300 nm, 300 ~ 375 nm, 375 ~ 450 nm), and the top and bottom radius of the cylinders for 
this estimation were achieved from the Figure 20 (A)). (The volumes below h < 75 nm 
were negligible for both pollens since those are much smaller than the rest of all, < 10 % 
of total volume) A larger volume of liquid must be displaced to ‘fill’ the space associated 
with the retraction of sunflower pollen than ragweed pollen. Moreover, the average 
separation distance between the immersed surface of the sunflower spine and the 
substrate is narrower than for the ragweed pollen, as shown in Figure 19 (C) and (D). We 
were not able to use viscous force model formulae for this thin film studies, because the 
separation distances between the spine tips and substrate surfaces are too problematic to 
be defined. Therefore, qualitative approach was utilized for explaining the influence of 
the surface morphology of both pollens on viscous force. As a result, a stronger viscous 
force can be generated during the retraction of the sunflower pollen due to the need to 
transfer a larger volume of liquid through a narrower path, compared to the ragweed. 
Therefore, the sunflower pollen is expected to have a stronger hydrodynamic response 
compared to the ragweed pollen in the case of thin films, as shown in Figure 19. 
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3.4.4 The Correlation of Surface Morphology and Film Thickness Effects 
 Based on the geometrical information of spines and pollens from SEM images 
(Figure 20), the relationship between capillary force and the height (h) of the liquid 
bridge from 150 nm to 2000 nm could be estimated as shown in Figure 21 (D). When h is 
below 800 nm (the length of the spine on ragweed pollen), Equation (26) (cone-plate 
model) was used to estimate the capillary forces of both pollens. As shown in Figure 20 
(A), the x values (radius of liquid bridge) of ragweed pollen at different h values (h0 = 75 
nm, hn+1 = hn +75 nm) were directly measured from SEM images of ragweed pollen 
(Figure 13 (B)), so α values (in Figure 21 (A)) can be estimated by  
. (27)
Therefore, the capillary forces of ragweed pollen at different h values (below 800 nm) 
can be defined as 
, 2 , (28)
where the contact angle ( ) and surface tension ( ) are taken to be 15° and 45 mJ/m2, 




Figure 21 – The slant angle and cross-sectional radius based on SEM image analysis 
of (A) ragweed pollen, (B) sunflower pollen as a function of position along the spine 
length. 
 The spherical-planar surface model (Figure 21 (B)) was used to estimate the 
capillary force of ragweed pollen when the thickness of liquid film is above the length of 
the spine on ragweed (800 nm), . The  on Figure 21 (B) was calculated by 
	 . , (29)
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where the R is the radius of ragweed pollen (7.5 μm) and the D is the length of ragweed 
spine (800 nm) and the filling angle ∅  value was calculated by 
∅ / . (30)
Therefore, the capillary force of ragweed pollen at h values above 800 nm can be defined 
as [159] 
, 2 ∅ ∅ . (31)
 Equation (26) (conical-plate model) was used to estimate the capillary force of 
sunflower pollen, because over the thickness range explored, the sunflower spines are 
never fully submerged. The average slant of the spine of sunflower pollen ( ) on Figure 
21 (C) was measured around 9.4	 	0.8°, and the  was calculated by 
, (32)
where  is the radius of the spine tip of sunflower pollen (125 nm). Therefore, the 
capillary forces of sunflower pollen at different h values can be defined as  
, 2 . (33)
When the height of the liquid bridge is below 485 nm, the model predicts that the 
sunflower pollen generates a stronger capillary force than ragweed pollen (Figure 21 (D)). 
The ragweed pollen is predicted to have a stronger capillary force than sunflower when 
the height of the liquid bridge is thicker than 485 nm.  Especially, when the height was 
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above the length of the ragweed spine (> 800 nm), the capillary force of ragweed was 
dramatically increased because a large liquid bridge was formed on the core body of 
ragweed pollen (not just on one or two spines). 
 While the quantitative calculations of Figure 21 (D) are limited to the capillary 
static force, we can also speculate about the influence of spine length and liquid height on 
the viscous forces. A full calculation of the viscous forces for the spine geometry in 
transitioning from the cone-plane to sphere-plane geometry as h increases is beyond the 
scope of this work.  As mentioned previously, the meniscus area plays a significant role 
in determining the magnitude of the viscous force. [144] As shown in Figure 20, the 
cross-sectional radius of the contact line (x) of ragweed pollen was smaller than the 
sunflower when the liquid height h was less than 485 nm, but it became much larger than 
the sunflower pollen when h was larger than 485 nm, so the meniscus areas ( ) of both 
pollens have a proportional relationship with the liquid height (h). Therefore, the ragweed 
pollen has stronger viscous forces at higher liquid height (h) as shown in Figure 14 (B) 
(570 nN, h = 1.8 μm and separation rate at 67 μm/s), but not at low h as shown in Figure 
19 (A) (27 nN, h = 86 nm and the separation rate at 67 μm/s). The meniscus area of 
sunflower pollen does not change significantly with the liquid height because of the 
narrow slant angle, and the sunflower pollen had similarly strong hydrodynamic 
responses for both thin and thick films as shown in Figure 17 (A) (140 nN, h = 1.2 μm 
and separation rate at 67 μm/s) and Figure 19 (B) (60 nN, h = 66 nm and separation rate 
at 67 μm/s).  
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3.4.5 Relevance to Natural Pollen System and Structural Influence on Dynamic 
Sensitivity 
 Variation of stickiness of angiosperm pollens (both wind- and animal-pollinated 
pollens) as a function of pollenkitt and of fine-scale morphology on the pollen surface has 
been observed in Nature. [164] For example, it is well-known that animal-pollinated plant 
pollens are covered by a large volume of pollenkitt and these species tend to have more 
spiny surface morphologies, compared with wind-pollinated pollen species. [165] The 
animal-pollinated pollen should have more tunable adhesive strength, based on dynamic 
conditions for animal pollinators, than the wind-pollinated pollen because the zoophilous 
pollens should be held on an anther as pollinator arrives at the flower, but then be easily 
transferred to a pollinator surface. In contrast, anemophilous pollens need to be able to 
detach from the anther under drag forces produced by ambient wind flow.  The drag 
forces can be roughly estimated as ~40 nN for a sphere (with a radius of 7.5 μm, same 
size as ragweed core) under a 13.8 m/s wind speed (a strong breeze based on Beaufort 
Wind Scale [173]) by using the Stokes’ law. In addition, the zoophilous pollens must 
remain attached on a pollinator, resisting detachment due to the drag forces experienced 
during transport (flight), and the estimated drag forces on a sphere (based on a radius of 
12.5 μm, same size as sunflower core) under the 13.8 m/s air flow is around ~60 nN. The 
quantitative analysis of dry and wet adhesion in this paper supports the previous 
qualitative understanding of the adhesive role of pollenkitt. The adhesion of sunflower 
pollen, which is on the order of 60 nN in the absence of pollenkitt, can be enhanced by 
pollenkitt by an order of magnitude, to the ~300 nN range under dynamic fast pull-off 
velocities. This increase is enough to resist detachment under drag forces produced by 
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winds in the range of 70 m/s, so it can be expected to resist detachment under the 
aerodynamic drag experienced during flying. A previous study proposed that the surface 
morphology of pollen, combined with the pollenkitt, can facilitate animal-pollinated 
pollen dispersal. [147] The animal-pollinated grains are packed by a large amount of fully 
hydrated pollenkitt, so the pollens become a mass of pollens and pollenkitt inside the 
developing anther. The mass of pollen and pollenkitt becomes partially dehydrated after 
anther opening, and the thickness of pollenkitt between the outer grains get thinner, so 
grains on the outside of this mass become easier to remove by a pollinator. [147] Pollens 
collected by pollinators might have different volumes of pollenkitt on their surfaces, and 
the volume could be changed by dehydration or water absorption [90], dependent on the 
environmental humidity, during their transport. In the previous sections, it was shown 
that the larger scale of the surface structure of sunflower pollens helps to keep the tunable 
adhesive property, based on dynamic condition, on both thin and thick pollenkitt films. 
This is consistent with the observation that sunflower is zoophilous whereas ragweed is 
primarily anemophilous, as well as the more general observation that zoophilous varieties 
have generally more elaborate morphology than smooth anemophilous ones. [165] 
3.5 Conclusion 
 The wet adhesion of a pollen to pollenkitt has a strong dynamic response (viscous 
force) at separation rates of 5 μm/s and above, which is a lower threshold for dynamic 
response compared with other rate-dependent adhesives system in Nature, such as spider 
webs with adhesive glue (at 10 μm/s and above) [148], gecko setae (at 20 μm/s and 
above) [174], and stick insect’s pads (above 100 μm/s) [88]. This special feature is due to 
the relatively high viscosity (above 1 Pa·s) at low shear rate, even though the fluid 
 80
exhibits some shear thinning between shear rates of 0.1 to 20	s . The contribution of 
viscous force to wet adhesion increased with separation rate and the viscous force 
approached or exceeded the capillary force at separation rates above 67 μm/s. The rate-
dependence of the adhesion between ragweed pollen and pollenkitt was successfully 
modeled by a combination of capillary and viscous force models. The required 
information for both models was available from AFM force-distance curves (liquid film 
thickness and force magnitude) and SEM image analysis (distance between the core body 
and surface and contact radius of liquid bridge). The size and shape of the pollen external 
surface features tunes the sensitivity of hydrodynamic response to the thickness of 
pollenkitt films. The ragweed pollen had stronger capillary and viscous forces in thicker 
liquid films (1-2 μm), compared to sunflower pollen, but the sunflower pollen had 
stronger wet adhesion and more sensitive hydrodynamic response in thinner liquid films 
(below 800 nm). The reversal of the wet adhesion magnitude of both pollens is affected 
by both the length and shape of spines on the surface of both pollens as well as the 
thickness of the fluid layer.  These sensitivities of dynamics to geometry suggest new 
approaches to tuning particle adhesion and detachment in applications ranging from 
target drug delivery to reversible adhesives.  
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CHAPTER 4. HUMIDITY-STABILIZED VISCOUS ADHESION 
OF THE HONEY BEE POLLEN BASKET FLUID  
4.1 Overview 
 Honey bees are well known to utilize secretions to moisturize and adhere pollen 
grains in their pollen baskets. Many bee-pollinated plant pollens are also pre-coated with 
plant-derived liquid pollenkitt. Herein, we reveal for the first time the presence of two 
immiscible liquid phases in the bioadhesive of the pollen basket. The bioadhesive 
consists of a sugar-based adhesive (aqueous phase, 90 wt%) generated by bees and 
pollenkitt-derived (oily phase, 10 wt%) coated on pollens. We demonstrate the separate 
functions of each phase in generating reliable wet adhesion under widely varying 
humidity. The sugary aqueous phase shows a remarkable rate-dependent capillary 
adhesion force attributed to a hydrodynamic force that dominates above a critical 
separation rate. However, the performance of the sugar-based adhesive phase alone is 
very sensitive to humidity due to water loss or uptake. Interestingly, the pollenkitt-based 
oily phase contributed very little to the observed wet adhesion. Rather, it spreads over the 
aqueous phase and serves as a barrier that tempers the effects water transport under high 
or low humidity conditions. This action stabilizes the viscosity of the aqueous phase 
during humidity changes, thereby stabilizing the viscous force contributed by this phase. 
This finding serves to support a continuing understanding of the physical mechanisms of 




 Bioadhesive systems often show unpredictable functionalities, inspiring many 
studies to elucidate their adhesive mechanisms [13, 88, 93, 95, 175] and mimic their 
functionality to improve the performance of synthetic adhesive systems. [85, 97, 176–
178] For example, the adhesive pads on geckos suggest methods for creating strong and 
reversible dry adhesion [177] and numerous as a result various groups have tried to 
mimic gecko adhesive functionalities. [37][179] The barbed proboscis of an endoparasitic 
worm swells to create strong mechanical interlocking after embedding in the soft tissue 
of its host, [180] inspiring improved attachment reliability of microneedle patches on 
human skin [97]. Structural and experimental investigations of insect adhesive systems 
encourage the development of micropatterned adhesive tape for robotic applications. 
[181]  
 Pollen is a significant nutrient source for bees, [182] and their efficient collection 
and transport is essential for survival. Pollen grains (reported loading range from 8.4 to 
23.4 mg [183]) are packed by the bees into pellets, carried on each hind leg in a structure 
called a corbicula, or “pollen basket”. [184] Generally, two full pollen pellets is known to 
have a mass near 20 mg, [183] which is more than 25% of the average body mass of the 
honey bee. [185] Reliable attachment of the heavy pollen pellets on the hind legs is 
essential during flight (average velocity, 19 km/h). [186] Honey bees utilize salivary 
secretions or nectar to adhere pollens together into a pellet and hold them on the 
corbicula hair. [187][188] The bees harvest pollens at a wide range of humidity since the 
relative humidity in natural environment keeps changing hourly and daily. Therefore, one 
may expect the liquid adhesive in the pellets to employ a mechanism to counteract 
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changes in physical properties due to water loss or uptake associated with variations in 
humidity. Despite the importance of these fluids in pollinator health, the adhesive 
mechanisms of the liquid secretion in the bee pollen pellets have not been studied 
extensively. 
 Maintaining the performance of synthetic adhesives after water uptake is a crucial 
challenge for the adhesive applications [189] and synthetic adhesives exhibit adhesion 
loss when a critical relative humidity is exceeded. The mechanisms of adhesion loss are 
still an issue of adhesive studies, and it is generally agreed that the absorbed moisture 
from the humid air changes physical and chemical properties of the adhesive. [190] 
Evolutionary-adapted adhesive systems in nature show strategies for maintaining 
adhesive properties under high relative humidity or even under water. For examples, 
geckos [191] and ladybird beetles [192] show higher adhesion under a humid 
environment because absorbed moisture causes adhesive structures to swell and soften, 
leading to larger contact areas between their adhesive systems and rough surfaces. Some 
spiders utilize the moisture from the humid air to manipulate the viscosity of spider glue 
to maximize adhesion. [193] Furthermore, mussels, [176] torrent frogs, [86] and beetles 
[194] utilize structural or chemical properties of their adhesive systems to generate 
reliable underwater adhesion. An understanding of the adhesive mechanism and humidity 
dependence of the liquid secretion used in bee pollen pellets may enable a better 
understanding of environmental factors affecting pollinator nutrition. In addition, it is 
expected to support novel biomimicry strategies to develop humidity-tolerant synthetic 
adhesives. 
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 Herein, we investigate the adhesive properties of the liquid secretion in the pollen 
basket (named as pb-adhesive in this paper) of honey bees. We observed that aqueous 
and oily phases are present in the pb-adhesive of honey bees. The aqueous phase was a 
well-known adhesive secretion generated in the honey stomach of bees, reported by other 
studies, [187, 195] and the oily phase was suspected to be a pollenkitt, a lipid oil coat on 
pollen grains. [196] We measured the wet adhesion of sunflower pollen on the both 
phases via colloidal probe microscopy, and remarkable rate-dependent and strong 
adhesive properties were observed from the wet adhesion of the aqueous phase generated 
by bees. We also observed the ability of the oily phase coat (pollenkitt) to stabilize the 
physical properties of the aqueous adhesive relative to humidity changes. Without the 
pollenkitt, significant adhesion loss was observed for the aqueous phase at low and high 
relative humidity extremes. Adhesion loss was significantly curtailed (by a factor or more 
than 2) with the oily phase coat present.  
4.3 Materials and Methods 
4.3.1 Bee pollen and Bioadhesive Sample Preparation 
 The bee pollens (Dandelion, Taraxacum officinale) collected by honey bees (Apis 
mellifera) were purchased from Greer Laboratories (Lenoir, NC), stored in unopened 
container at -18 °C and used as received without further purification. To collect sufficient 
quantities of pb-adhesive fluid, 35 mg of dandelion pollen was deposited on a piranha-
etched silicon wafer and held at 20 °C (57% RH) for 24 h to allow time for the fluid to 
drain. The pollen grains were subsequently removed by blowing with nitrogen gas, 
leaving pb-adhesive droplets on the silicon wafer. These droplets were used for 
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characterizations described below. To isolate the aqueous phase of the pb-adhesive 
without the oily phase, droplet samples were immersed in toluene for 1 min, followed by 
drying in a fume hood for 30 min. Prepared samples were stored in chambers at different 
relative humidities of 15, 35, 57, 75, and 92% RH for 24 h. Humidity in the chambers 
was controlled by solid salt (15% RH - calcium chloride) and supersaturated salt 
solutions (35% RH - calcium chloride, 57% RH - calcium chloride and sodium chloride, 
75% RH - sodium chloride, and 92% RH – sodium bicarbonate). Three humidity-
conditioned pb-adhesive droplets (with similar thicknesses in the range 1.5-1.7 µm) in 
each of the humidity chambers were chosen for the adhesion measurements. The 
thicknesses of the droplets were measured by an atomic force microscope (AFM; Veeco 
Dimension 3100, Santa Barbara, CA) with pyramidal-tipped scanning cantilevers 
(tapping mode, 0.75 Hz scanning rate) (ACTA, AppNano Inc., Santa Clara, CA). 
4.3.2 Solvent Extraction 
 The two liquid phases in the pb-adhesive were extracted and separated by a 
solvent extraction with toluene and water. 2 g of the dandelion pollens were dispersed in 
20 ml of toluene, and the solution was gently shaken for 30 s. Most of the pollens settled 
on the bottom of the container within 30 s after shaking stopped. Only the toluene 
solution (orange color) was carefully transferred to another container by syringes with 
syringe filters (1µm, 200 nm). 20 ml of water were added to the toluene washed pollens 
remaining in the container, and the pollens were dispersed in the water for 60 s. The 
pollens dispersed in the water solution were filtered by syringes with syringe filters (1 
µm, 200 nm) to collect the water solution. Each solution was moved to a vacuum 




4.3.3 Sample Characterization 
4.3.3.1 Confocal Fluorescence Microscopy. 
 Raman spectra of samples were obtained using a Thermo Scientific Nicolet 
Almega XR spectrometer (Waltham, MA) with a 488 nm laser excitation source at 20 °C 
(40 ± 5% RH), and 10 scans were obtained for each sample. The laser beam was focused 
on the samples by using a 50X objective. A confocal aperture of 100 µm pinhole was 
chosen, and the estimated spot size was 0.7 µm.  
4.3.3.2 Confocal Raman Spectroscopy 
 Raman spectra of samples were obtained using a Thermo Scientific Nicolet 
Almega XR spectrometer (Waltham, MA) with a 488 nm laser excitation source at 20 °C 
(40 ± 5% RH), and 10 scans were obtained for each sample. The laser beam was focused 
on the samples by using a 50X objective. A confocal aperture of 100 µm pinhole was 
chosen, and the estimated spot size was 0.7 µm.  
4.3.3.3 Physical Properties 
 Density of both phases was estimated by measuring the mass of the each phase in 
unit volume, and the surface tension of both phases was measured using a ramé-hart 
automated goniometer (290-G1, Succasunna, NJ) with DROPimage Advanced software 
at 20° C and at 57% RH. For the viscosity test of the aqueous phase, three aqueous phase 
samples (1 mL) were stored in different relative humidity chambers (30%, 57%, 75% RH) 
for three days, and the viscosity of the samples was measured using a parallel-plate 
rheometer (MCR 302, Anton Paar, Austria) at 20° C as a function of shear rate. In 
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addition, the viscosity at the different temperature in the range of 20-40° C (the step size 
of the temperature change, 0.1° C/s) were also observed at a 10 s-1 shear rate. 
4.3.4 Adhesion Measurement 
 Adhesion of a sunflower pollen (Helianthus annuus) (Greer Laboratories, Lenoir, 
NC) on a pb-adhesive and an extracted aqueous phase droplet was measured by colloidal 
probe microscopy by using the same AFM described above.  Sunflower pollens were 
utilized in adhesion force measurement of pb-adhesive obtained from dandelion pollens. 
They have much more uniformly distributed surface features than dandelion, [95] and 
that allows precise control over the wetting volume of fluid for wet adhesion 
measurement. The dandelion pollens were chosen simply because they are known to 
carry a large quantity of pollenkitt. [95] The pollenkitt of sunflower and dandelion 
pollens are known to have almost same surface tension and composition due to their 
derivation from the same family (Asteraceae). [95] To fabricate sunflower pollen probes, 
native non-defatted sunflower pollens were washed by an organic solvent mixture, as 
described in detail elsewhere. [167] One of the washed sunflower pollens was attached to 
a rectangular tipless AFM cantilever (ACST-TL, AppNano Inc., Santa Clara, CA), which 
has spring constants in the range 3.0-17.9 N/m (nominal 7.8 N/m), by a small amount of 
epoxy glue using a procedure described in detail elsewhere. [197] The spring constants of 
the fabricated cantilevers were determined according to the method described by 
Burnham and Hutter. [168, 169] The approaching velocity was maintained at a small 
value of 500 nm/s, in order to minimize the viscous resistance to the pollen probes 
penetrating into the liquid droplet samples. The retraction rates of the probes were 
manipulated in the range of 0.5-117 µm/s in order to probe both static and hydrodynamic 
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contributions to capillary adhesion. All force measurements were performed under 
normal air condition (RH of 35-45%), and the loading forces on the cantilevers were 
controlled at 500 nN in all experiments. 
4.3.5 Droplet Volume Measurement 
 10 µL of the extracted aqueous phase was deposited on a polystyrene surface 
(D210-16, Simport, Beloeil, QC, Canada) to make a droplet sample and placed into a 
sealed quartz cell (100-07-50, ramé-hart Instrument Co., Succasunna, NJ). The relative 
humidity in the cell was controlled by a salt (calcium chloride) at 15% RH (20° C) for 
first 12 h and by a supersaturated solution of sodium chloride at 75% RH (20° C) for the 
next 12 h. The volume of the droplet was measured and recorded every 5 min using a 
ramé-hart automated goniometer (290-G1, Succasunna, NJ) with DROPimage Advanced 
software. The volume changes of an aqueous phase droplet with oily phase coat (10 wt%) 
was also measured using the same procedure by adding an extracted oily phase back onto 
the aqueous droplet phase. 
4.4 Results and Discussion 
4.4.1 Presence of Two Phases in Pb-adhesive. 
 Pb-adhesive droplet samples were prepared as explained in the materials and 
methods section. The structure of the pb-adhesive droplets was investigated using an 
optical microscope and confocal Raman spectroscopy. Figure 22 (a) shows an optical 
reflection-mode image of the droplet on a silicon wafer and indicates that there are two 
different colored regions in the droplet. A core liquid region, which is bright white at the 
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center, is surrounded by a distinct dark yellow liquid. To confirm that the color difference 
(white and yellow) was related to chemical difference between two separate phases and 
not due solely to thickness differences of the two fluid regions, the Raman spectrum of 
both regions was obtained using confocal Raman spectroscopy (Figure 22 (b)). 
 
Figure 22 – Two different liquid phases in a pb-adhesive droplet. (a) Optical 
microscope image of the droplet on a silicon wafer (core region - black box, 
surrounding region – red box). (b) Confocal Raman spectroscopy spectra of the 
surrounding (red) and the core (black) regions of the droplet (488 nm laser 
excitation) (c) Confocal fluorescence microscopy images of the droplet, top view 
with side view shown in smaller in red box. 
 Honey bees are known to utilize a mouth secretion to attach pollens to their pollen 
baskets, and nectar and/or honey (predominantly glucose and fructose dissolved in water) 
are known as the main components of the bioadhesive. [188] However, there is no prior 
reported evidence of the presence of a yellow pigmented separate phase, which is 
observed in Figure 22 (a), in the bioadhesive from bees. We hypothesize that the 
surrounding yellow region is pollenkitt, a plant-based lipid oil coat found in almost all 
 91
entomophilous pollens. [196]  The dandelion pollens used to make the pb-adhesive 
droplets are known to carry pollenkitt on their surface, which can be up to 60 wt% of the 
pollen. [95] Pollenkitt is a hydrophobic mixture containing mainly saturated and 
unsaturated lipids, carotenoids, flavonoid, proteins, and carbohydrates. [196] The mixture 
of flavonoids and carotenoids cause a typical yellow to orange color. [198] The 
bioadhesive secretion from bees is an aqueous solution, so the oily pollenkitt appears as a 
separated phase as shown in Figure 22(a). The confocal Raman spectrum of the core 
(black line) and surrounding (red line) regions in Figure 22 (b) also support this 
hypothesis. The broadband between 3700 cm-1 and 3000 cm-1 (assigned to O-H stretching 
vibrations) and the intense peaks centered around 2,941 and 2,904 cm-1 (assigned to C-H 
stretching vibrations) were only observed in the core region, and these are typically 
detected in the Raman spectra of honey and sugars dissolved in water. [199] The intense 
peaks (2669, 1520, 1150, and 1004 cm-1) of the Raman spectrum of the surrounding 
region are assigned to carotenoids. [200] The Raman peaks assigned to the carotenoids 
also existed in the Raman spectrum of the aqueous phase (black line in Figure 22 (b)), 
and they could be caused by a small amount of the oily phase dispersed in the aqueous 
phase, which is also evident in the microscopy images. The liquid phase structure of the 
pb-adhesive droplet was investigated using confocal fluorescence microscopy. One of the 
carotenoids (β-carotene) in pollenkitt is autofluorescent with an excitation wavelength of 
488 nm. [198] The top and side view confocal images were taken under 488 nm 
excitation wavelength (Figure 22 (c)). The confocal image shows that colloidal droplet 
containing carotenoids are dispersed in the aqueous phase, but the main domain of the 
 92
aqueous phase is not fluorescent. On the other hand, the surrounding outer phase is 
predominantly fluorescent. 
4.4.2 Physical Properties of the Two Phases 
 The aqueous and oily phases were extracted and separated using solvent 
extraction with toluene and water, as described in materials and methods section. 
Pollenkitt is a hydrophobic mixture, and low polarity organic solvents were generally 
utilized for the extraction of pollenkitt in previous studies. [196, 201] Otherwise, the 
main components in the aqueous phase are glucose and fructose, [184, 195] which are 
well-known water-soluble polar compounds. It might be possible some polar components 
from the pollenkitt could dissolve in water and some organic from sugar solution could 
dissolve in toluene. Therefore, the confocal Raman spectrum of both extracted aqueous 
and oily phases was obtained and compared to the Raman spectrum of the pb-adhesive 
droplet in Figure 22 (b), and we don’t see any notable component change of both phases 




Figure 23 – SEM images of dandelion pollens collected from honey bees, (a) and (b). 
The pollens are aggregated and coated with liquid pb-adhesive (a mixture of 
aqueous and oily phases). SEM images of a dandelion pollen after solvent extraction 
(water and toluene), (c) and (d). The pb-adhesive is not observed after the solvent 
washing. (e) Confocal Raman spectroscopy spectra of the extracted oily (red) and 
aqueous (black) phases. (488 nm laser excitation) 
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 The SEM images of bee pollens before (Figure 23 (a) and (b)) and after (Figure 
23 (c) and (d)) the solvent extraction indicate that the pb-adhesive on the pollen surface 
was washed away during the extraction. A quantity of 5.8 g of aqueous phase and 0.6 g of 
oily phase were extracted from 10 g of bee pollens into water and toluene, respectively, 
and density and surface tension of each phase are shown in Table 2. as described in 
materials and methods. The density and surface tension of the aqueous shows a similarity 
to the physical properties of honey (density in the range of 1.45-1.58 g/ml and surface 
tension in the range of 54.4-62.8 mN/m), according to a previous study. [202] The 
density of oily phase is in the range of common vegetable oils, which is 0.919-0.965 
g/ml, [203] and it shows a lower surface tension than common vegetable oils (31-39.15 
mN/m). [204]  
Table 2 – Physical properties of the aqueous and the oily phases in pb-adhesive. 





Aqueous Phase Water 0.906 1.547 52.5 
Oily phase Toluene 0.094 0.948 22.5 
4.4.3 Adhesive Property of the Two Phases 
 Adhesion of sunflower pollen (Helianthus annuus) on the core and surrounding 
liquid phases was measured using AFM colloidal probe microscopy at 20 °C and 35% 
RH, as described in material and method section. The pollen attached on a tipless AFM 
cantilever was brought into contact with either the core or surrounding region of pb-
adhesive droplets (Figure 24 (a)), and the pollen was retracted at different rates while the 
force was recorded as a function of distance. For consistency, only force measurements in 
regions of similar thickness, in the range of 0.8-1.1 µm, are studied, and the thicknesses 
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of each point was estimated using the jump-in distance of the approach curves, as 
described in Chapter 3. 
 
Figure 24 – (a) Schematic of adhesive force measurement using AFM colloidal probe 
microscopy. (b) Adhesion force versus retraction rate of a sunflower pollen 
(Helianthus annuus) on the core (mainly aqueous phase) and the surrounding (oily 
phase) liquid regions of a pb-adhesive droplet. The error bars represent 95% C.I. 
 The measured adhesion on the core region in Figure 24 (b) shows a remarkable 
rate-dependence when the retraction rate exceeded a critical velocity (5 µm/s). The wet 
adhesion on the oily phase didn’t depend significantly on the retraction rate. The 
adhesion magnitude generated on the core regions (195 ± 27 nN) was 29% stronger than 
the adhesion on surrounding regions (139 ± 4nN) at the retraction rate 0.5 µm/s, but the 
wet adhesion of the core regions was 660% higher than surrounding regions at 67 µm/s 
and above. In previous chapter (Chapter 1), we showed that there are two main 
contributions, viscous and capillary forces, to generate wet adhesion, and only viscous 
force is a rate-dependent adhesion attributed to the contained hydrodynamic component. 
The rate-dependent wet adhesion on the core region indicates that the aqueous phase of 
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the pb-adhesive is a much more viscous liquid than the oily phase. The mass fraction of 
the aqueous phase in the pb-adhesive was more than 9 times larger than the oily phase 
(Table 2), and wet adhesion on the core regions (mainly aqueous phase) shows a much 
stronger force magnitude than the surrounding regions. Therefore, we can conclude that 
the aqueous phase from honey bees is a highly viscous liquid and a main contributor to 
the adhesive properties of pb-adhesive.  
4.4.4 Humidity Dependence of the Aqueous Phase 
 The pb-adhesive droplets on a silicon wafer were washed with toluene, as 
described in the material and method section. After the toluene washing, the surrounding 
region (oily phase) was clearly removed, and no notable shape or size change of the core 
region (aqueous phase) was observed (Figure 25 (a)). The washed samples were utilized 
for investigating the wet adhesive properties of the aqueous phase without the oily phase 
coating. Before the force measurement, the thicknesses of the aqueous phase droplets 
were measured using the method described in materials and methods. Three aqueous 
phase droplets (total 15 droplets), each with a thickness in the range 1.5-1.7 µm were 
chosen for the wet adhesion measurement and were kept at the same relative humidity 
(15%, 35%, 57%, 75%, and 92% RH) for 24 h prior to measurement. 
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Figure 25 – (a) Optical microscope images of a pb-adhesive droplet on a silicon 
wafer before and after toluene washing. After the washing, the aqueous phase in the 
droplet remained, but the oily phase was washed away. (b) Adhesive force of a 
sunflower pollen on the aqueous phase droplets, stored in different relative 
humidity levels, at retraction rates of 31 and 117 µm/s. The error bars represent 
standard error. (c) Normalized spreading radius of the aqueous phase droplets (13 ± 
2µL) on a silicon wafer. Before spreading the droplets on the surface, 1mL of three 
aqueous phase samples was stored in three different humidity levels (30%, 57%, 
75% RH) for 3 days. The spreading radius of the droplets was measured at 20°C 
and at 45% RH. 
 In Figure 25 (b), more than 60% adhesion loss of the aqueous phase occurred 
when the relative humidity was increased from 57 to 92% RH. In addition, unexpected 
adhesion loss was observed when transitioning to low relative humidity (15% and 35% 
RH). The force variation of a water absorbing adhesive at different relative humidity 
levels was explained by the counteractive relationship of the viscous dissipation and the 
spreading rate of the viscous adhesive, according to the study of Amarpuri et al. (2015). 
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[193] Glucose and fructose, which are the main components in the aqueous phase, are 
well-known water absorbing materials. When the droplet samples were stored at high 
relative humidity (75% and 92% RH), the aqueous phase, originally a viscous adhesive, 
became a less viscous liquid by absorbing water. As we showed in Chapter 1, the 
magnitude of viscous force is decreased with the reduction of liquid viscosity. Thus, the 
viscous dissipation of the aqueous phase meniscus on the sunflower pollen could be 
reduced at the highest relative humidity. The wet adhesion at low relative humidity (15% 
and 35% RH) was also decreased even though the viscosity of the samples was expected 
to be increased. The adhesion loss can be attributed to the reduced spreading rate of a 
liquid adhesive when it has excessively high viscosity. The spreading rates of the aqueous 
phase reported in Figure 25 (c)  show a dramatic drop in the spreading rate of the samples 
stored at low relative humidity. All adhesion AFM measurements were performed with 
the same approach rate of pollen to the droplet (0.5 µm/s), so the estimated contact period 
during the approach step was estimated to be around 3 s. An increasingly smaller contact 
area will be created as viscosity increases as humidity drops.  
 We hypothesized that the aqueous phase could be diluted by absorbing moisture 
from humid air or concentrated by evaporating water molecules to dry air, so the water 
composition changes of the aqueous phase under different humidity-environment were 




Figure 26 – (a) Images of the aqueous phase droplet on a polystyrene surface, stored 
at 75% RH for the first 12 h and at 15% RH for the next 12 h. The droplet was 
initially saturated at 45% RH for 2-3 days. (b)  Droplet volume as a function of time. 
As shown in Figure 26 (a) and (b), the volume of the aqueous phase was increased by 
30% from the original volume when it was exposed to a high humidity environment (75% 
RH) for 12 h. The enhanced volume was dramatically decreased by 24 %, compared to 
the initial droplet volume when the environmental humidity decreased to 15% RH for 12 
h. This result indicates that the water composition of the aqueous phase is strongly 
dependent on the relative humidity of surrounding air, and supports the prior hypothesis 
that adhesive property changes of the aqueous phase are attributed to the water-uptake or 
-loss. 
4.4.5 Humidity-dependent Viscosity 
 The viscosity of the aqueous phase stored at different relative humidity levels was 
measured to understand the influence of the water-uptake or -loss on the physical 
property of the aqueous phase as described in materials and method section.  
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Figure 27 – Viscosity of the aqueous phase samples stored at different relative 
humidity levels (30%, 57%, and 75% RH for 3 days) as a function of (a) shear rate 
at 20° C and (b) temperature at 10 s-1 shear rate. 
Figure 27 (a) and (b) show that the viscosity of the aqueous phase is strongly dependent 
on the relative humidity. The viscosity was increased from 32 to 40 Pa·s athumidity (30% 
RH), but viscosity was reduced to 18 Pa·s at high humidity (75% RH), compared to the 
intermediate humidity (57% RH). A notable volume change of the samples was observed 
after the saturation at different humidity levels for three days, and the change of the water 
content of the samples led a large impact upon the sample viscosity. The viscosity of the 
aqueous phase shows Newtonian fluid behavior in Figure 27 (a), and the viscosity of the 
samples was dependent on the experimental temperature (Figure 27 (b)). A previous 
study reported that these (Newtonian fluid and temperature-dependent viscosity) features 
are common rheological properties of honey and sugar solutions. [205] 
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4.4.6 Influence of the Viscosity Changes on the Wet Adhesive Mechanism of the 
Aqueous Phase 
 The previous section shows that the viscosity of the aqueous phase is strongly 
dependent on environmental humidity. In this section, we discuss how the changed 
viscosity affects the wet adhesive mechanism of the aqueous phase. To minimize the 
influence of geometrical factors associated with pollen and droplet, we designed an 
adhesion test based on the separation of two parallel flat surfaces connected by the 
aqueous phase. A droplet of 15.8 ± 0.2 µl of the aqueous phase was placed on a glass 
slide, and a liquid bridge of the aqueous phase was formed in between the two flat glass 
surfaces as shown in Figure 28 (a). Multiple capillary bridge samples were prepared in 
the same manner and stored in different relative humidity chambers (30 %, 57%, and 
90% RH) for 24 h before the adhesion measurement. The dimensions of the capillary 
bridges were measured using a goniometer immediately before the test. A customized 
high-throughput mechanical characterization apparatus (HT-MECH) was used to measure 
the adhesion magnitude of the liquid bridges with separation rates in the range of 5 to 20 
mm/s (Figure 28 (b)). The details of the customized equipment were described previously 




Figure 28 – (a) Image of the pb-adhesive aqueous phase liquid bridge between two 
glass slides. (b) Schematic illustration of the wet adhesion measurement. (c) 
Adhesion force due to the liquid bridge as a function of separation rate and 
humidity. (d) HT-MECH force-time curves of the liquid bridges of the aqueous 
phase stored in different relative humidity levels with separation rates at 12.5 mm/s. 
 As shown in Figure 28 (c), we observed that the adhesive force magnitude of the 
aqueous phase was very sensitive to the relative humidity, and the adhesion shows a 
nearly linear relationship to the separation rate. Wet adhesion models for the separation 
of two parallel flat surfaces [207] were used to understand the humidity dependence and 
the linear relationship. It is well-known that capillary and viscous forces are two main 
contributors for the adhesion of thin liquid bridges, and the total adhesion of liquid 
bridges can be estimated by the summation of these forces. The contribution of these 
components can be determined by considering the meniscus curvatures, dynamics and 
viscosity of liquid bridges. [207] 
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Figure 29 – (a) Schematic of the separation of two parallel flat surfaces joined by a 
liquid bridge. (b) Viscosity of the aqueous phase stored at different humidities as 
estimated by the wet adhesion model (equation (37)) by using the measured liquid-
bridge forces (Figure 28(c)). 
 The capillary force is caused by a liquid bridge between the two separated 
surfaces, and the curvature of the liquid meniscus is characterized by two radii which are 
the azimuthal radius (x) and the meridional radius (r), indicated in Figure 29 (a). The total 
capillary force can be defined as the summation of the surface tension and Laplace 
pressure contribution [21] as shown in equation (34), and the physical configurations of 
the wet adhesive model are shown schematically in Figure 29 (a). 
2 ∆ ,  (34)
where  is the surface tension of the liquid bridge,  is contact angle between the liquid 





The surface tension (  = 52.5 ± 0.1 N/m at 57% RH) of the aqueous phase was measured 
using the pendant drop method. The azimuthal radius (x), the meridional radius (r), the 
height (h), and contact angles ( ) of the liquid bridges were determined from optical 
images, taken immediately before the force measurement, as shown in Table 3. 










( , °) 
Estimated capillary 
force (mN) 
30% RH 2.68 ± 0.08 0.34 ± 0.02 0.66 ± 0.01 26.2 ± 2.3 4.34 
57% RH 2.60 ± 0.07 0.36 ± 0.01 0.66 ± 0.01 36.7 ± 3.1 4.00 
75% RH 2.81 ± 0.07 0.34 ± 0.01 0.67 ± 0.03 36.3 ± 4.2 4.87 
Based on the measured configurations, the static capillary forces of the liquid bridges 
were estimated by equation (34) as shown in Table 3. The estimated static capillary 
forces were two orders of magnitude lower than the measured adhesion in Figure 28 (c). 
Even if one uses the pure water surface tension (72.8 N/m), the estimated static capillary 
contribution is much smaller than the measured forces in Figure 28 (c). These results 
indicate that the viscous force governs the wet adhesion magnitude of the aqueous phase, 
a common phenomenon when the liquid bridge is a highly viscous liquid. [52] 
 The viscous force is an effect of the hydrodynamic response of the liquid bridge, 
resisting the separation of the two flat surfaces. The viscous force of a Newtonian fluid 
for a non-slip boundary condition can be predicted by the Reynolds lubrication equation. 
The average pressure difference, caused by the hydrodynamic response, between the 
liquid bridge and ambient air during the separation was estimated previously by Cai and 






where  is the viscosity of the liquid, and ∂h/∂t indicates the separation rate. Therefore, 
the viscous force of the liquid bridge, having a meniscus area of x2, at a constant 




The aqueous phase shows a Newtonian fluid behavior as shown in Figure 27 (a), so the 
viscous force and the separation rate (ḣ) should have a linear relationship with the slope 
of 3ηπx4/(2h3) as shown in equation (36). This linear relationship was observed from the 
measured adhesion (Figure 28 (c)). In Figure 29 (b), the viscosity of the aqueous phase 
samples was estimated by the measured forces in Figure 28 (c) and equation (37)). This 
result, taken with the viscosity and water absorption data presented previously, indicates 
that the viscosity changes induced by changes in environmental humidity were the main 
cause of the humidity-dependent adhesion of the aqueous phase. The viscosity estimated 
from the adhesion results (Figure 27 (b)) agrees reasonably with the viscosity measured 
with by a rheometer in Figure 27 (a). Quantitative differences in the rheologically-
determined and adhesion-determined viscosity values were possibly related to the 
different volumes of the samples and water saturation in the different instruments. The 
volumes of the aqueous phase used to measure the forces (15.8 µL, saturated for 24 h) 
were much less than the volume used for the rheometer tests (1 mL, saturated for 3 days). 
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4.4.7 Oily Phase as a Semi-permeable Membrane 
 In the previous sections, we discussed the adhesive property of the aqueous phase 
and the influence of humidity on its functionality, but the role of the oily phase 
(pollenkitt) was not discussed. As shown in Figure 24 (b), the oily phase contributed very 
little to the adhesive property of the pb-adhesive. Interestingly, pollens from some plant 
species are known to use the pollenkitt to slow down water loss because the viability of 
pollen is quickly decreased with dehydration. [196] Thin films of the oily phase spread 
over the aqueous phase could also serve to prevent excessive water uptake under elevated 
humidity and water loss under reduced humidity, helping to mitigate the effects of 
humidity on the pb-adhesive. However, quantitatively studies of the ability of pollenkitt 




Figure 30 – (a) Volume of a pure water droplet (black squares) and a water droplet 
with 10 wt% of the oily phase coat (red circles) at 15 %RH. (b) Images of the 
droplets in Figure 30 (a). (c) Volume changes of the aqueous phase droplet with oily 
phase coat stored at 75 %RH for the first 12 hr, and at 15 %RH for the next 12 hr. 
(d) Images of the oily phase dropped on a water surface. (e) Spreading of oil on a 
water-air interface, determined by the spreading coefficient, S. γ is the interfacial 




 In Figure 30 (a) and (b), we investigated the volume changes of a water droplet 
coated with the extracted oily phase under low humidity (15% RH) and the results were 
compared to a pure water droplet. A 25ml uncoated water droplet and a water droplet 
coated with a quantity of pb-adhesive oil extract equal to 10 wt% (the mass fraction of 
oily phase in the pb-adhesive) of the extracted oily phase from the bee pollens were kept 
at 15% RH (20° C), and the volume changes of the droplets were measured every 40 
minutes). The pure water droplet was completely evaporated after 3.2 hr, but the volume 
of the droplet with the oil coat was reduced by only 20% of the original volume for the 
same time period. To confirm the wetting behavior of the oily phase placed on the water 
and air interface, a single drop of the oily phase (5 µL) was placed on the water (10 ml) 
and air interface as shown in Figure 30 (d). A thin oil layer was observed (Figure 30 (e)), 
and it indicates that the spreading coefficient, (S) in Figure 30 (f), is a positive number, 
which is complete wetting. Therefore, we can conclude that the oily phase (pollenkitt) 
coat covered the interface between the water droplet and dry air. The oily phase also 
hindered water uptake from the humid air when it was coating on the water absorbing 
adhesive (aqueous phase) from honey bees. The aqueous phase droplet with the oily 
phase coating (Figure 30 (c)) was significantly less humidity-dependent compared to the 
droplet without the pollenkitt oil in Figure 26 (b). Therefore, we can conclude that the 
pollenkitt coat works as a semi-permeable membrane to inhibit water transport. 
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4.4.8 Humidity-stabilized Adhesive with Oily Phase Coat 
 We have shown that the adhesion loss of the aqueous phase was attributed to the 
water uptake or loss of the bio-adhesive at high or low humidity. Consequently, if the 
water loss or gain is slowed of the aqueous phase by the pollenkitt oily phase, the 
adhesive’s sensitivity to changes in humidity can be lessened. We measured the adhesion 
of a sunflower pollen on the pb-adhesive droplets stored at different relative humidity 
levels to confirm the stabilizing ability of pollenkitt on the wet adhesion. Before the force 
measurement, the thicknesses of the pb-adhesive droplets were measured using an AFM. 
The adhesion of the pollen was measured on the total 12 different aqueous phase droplets 
stored in 4 different relative humidity chambers (each 3 droplets stored at15%, 35%, 
57%, and 75% RH), and the measured thicknesses were in the range of 1.1-1.2 µm. The 
procedure of adhesion measurement was the same method used for the study of the 
toluene-washed aqueous phase in Figure 25 (b).  
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Figure 31 – (a) Adhesive force of a sunflower pollen on pb-adhesive droplets (the 
aqueous phase with the oily phase coat), stored in different relative humidity levels, 
with retraction rates at 31 and 117 µm/s. The error bars represent standard error. 
(b) Normalized adhesion of the aqueous phase droplet with and without oily phase 
coat by the adhesion of 57% RH sample. (c) AFM and (d) optical microscope images 
of the pb-adhesive droplets stored in 92% RH for 24 hr. The aqueous phase directly 
contacts to the humid air due to the rupture of the oily phase coat. 
 The aqueous phase coated with oily phase shows a strong adhesion at 57% RH 
(Figure 31 (a)), like the adhesion of the toluene-washed aqueous phase in Figure 25 (b), 
but the adhesion loss was relieved at low (15% RH) and the high (75% RH) relative 
humidity, compared to the case of the washed phase in Figure 25 (b). Figure 31 (b) shows 
the ratio of the wet adhesion at different relative humidity levels and the adhesion at 57% 
RH with a retraction rate of 117µm/s. The adhesion loss of the samples with the oily 
phase was only half of the reduction of the aqueous-only phase at both low (15%) and 
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high (75%) relative humidity. The wet adhesion of the droplet samples with the oily 
phase coat at 92% RH was not measured due to the rupture of the coat, which led a direct 
contact between humid air and the aqueous phase as shown in Figure 31 (c) and (d). A 
triple phase boundary (air-aqueous phase-oily phase) was observed at 92% RH, and the 
water content of the aqueous phase was not conserved. 
4.5 Conclusion 
 This study has revealed for the first time the presence of two immiscible liquid 
phases in the bio-adhesive (called ‘pb-adhesive’ in this paper) of the pollen basket of 
honey bees. In previous studies, bee mouth secretion was only recognized as a sugar-
based aqueous phase bioadhesive to hold pollens on their pollen baskets. We have 
demonstrated the presence and function of the oily phase (pollenkitt) from pollens in the 
pb-adhesive. The oily phase spreads on the aqueous phase and significantly relieves the 
influence of environmental humidity on the aqueous phase water content. The adhesion 
of the aqueous phase without the oily phase was reduced to under half (low RH) or near 
half (high RH) of the maximum adhesion observed at intermediate humidity (57 % RH). 
However, the magnitude of the adhesion loss decreased by about half of the original 
reduction when the adhesive samples coated by the oily phase. The oily phase served to 
prevent excessive water absorption under elevated humidity and excessive drying under 
reduced humidity, compared to intermediate humidity values. This action stabilized the 
viscosity of the aqueous phase during humidity changes, thereby stabilizing the 
hydrodynamic adhesion contributed by the aqueous phase. This result provides 
inspiration for the future development of novel humidity-stabilized adhesive materials. 
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 
5.1 Summary and Conclusion 
5.1.1 Simultaneously Controlled Short and Long Range Forces of Pollen-shaped 
Microparticles 
I have found the way to manipulate the adhesive force magnitude and range of 
microparticle. I utilized fabricated CoFe2O4 pollen replicas, which have a strong 
magnetic moment, to apply long-range magnetic force on the pollen-shaped microparticle. 
The remnant and saturation magnetic moment were enhanced with the increase of the 
metal crystal size, and the magnetic force magnitude and range were successfully 
manipulated via controlling the crystal size. The controlled crystal size also affected the 
magnitude of vdW interaction (short-range force). I found a reproducible non-monotonic 
relationship was attributed to the counteracting effects of crystal size and the number of 
crystals within the vdW interaction range, and the counteracting effects were validated 
via computational simulation based the Hamaker approach. In previous studies [208, 209], 
the magnetic force of pollen-shaped microparticles was manipulated via controlling the 
total volume of magnetic materials. However, these approaches were not able to control 
the both short and long range forces simultaneously. This study can supply information 
for the future development of water purification, particle separations, particulate removal 
from exhaust streams, targeted drug delivery, catalysis, composite processing, and 
assembly of hierarchical structures. 
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5.1.2 Influence of Surface Morphology on Wet Adhesion of Microparticles, and Bio-
adhesive with Sensitive Hydrodynamic Response to Retraction-rates 
I have studied the influence of the surface morphology of pollens on the wet 
adhesive mechanism. The adhesion magnitude of the microparticles on pollenkitt films 
was strongly dependent on the surface structure of the particles. Especially, a correlation 
between the structural effects and the thickness of liquid adhesive (pollenkitt) films was 
investigated. Ragweed pollens with a short length of spines showed stronger wet 
adhesion on thick adhesive film (thicker than the length of the spines)  than sunflower 
pollens, but sunflower pollens with large spine tip radius showed stronger wet adhesion 
when the film thickness was in the range of tip radius. A rate-dependent adhesive 
property was observed from wet adhesion of the pollens on both thin and thick liquid 
films. The wet adhesion of pollenkitt showed a more sensitive hydrodynamic response to 
retraction rates (at 5 µm/s and above), which is lower threshold, compared with the other 
known bio-adhesive systems such as spider webs with adhesive glue (at 10 μm/s and 
above) [148], gecko setae (at 20 μm/s and above) [174], and stick insect’s pads (above 
100 μm/s) [88]. This special feature is due to the relatively high viscosity (above 1 Pa·s) 
at low shear rate. The viscosity of the pollenkitt was studied by using a viscous force 
model for sphere-plane geometries and cone-plane viscometer. These sensitivities of 
dynamics to geometry suggest new approaches to tuning particle adhesion and 




5.1.3 Novel Strategy to Stabilize the Humidity-dependence of Water-based Adhesives  
I have studied the adhesive property of the liquid adhesive in bee-pollens. In 
previous studies [187, 188], only a sugary and water-based liquid adhesive from bees was 
reported as the component of the bio-adhesive. However, I revealed for the first time the 
presence of two immiscible liquid phases in the bio-adhesive. One liquid is an aqueous 
phase adhesive from bees as reported, and the adhesive properties of the aqueous phase 
showed a dramatic adhesion loss, attributed to moisture content change, under dry and 
humid air condition. The other liquid is an oily phase (pollenkitt) from the collected 
pollens. The study of the liquid phase structure showed that the oily phase spread over the 
aqueous phases. The reduced volume changes of aqueous phase droplet under relative 
humidity changes indicate that the oily phase coat serves as a barrier that tempers the 
effects water transport under high or low humidity conditions. With the oily phase coat, 
the adhesion loss of the aqueous phase under humid and dry environments was reduced 
notably. Compared to the other known bio-adhesives systems [148, 193], the bee-pollen 
adhesive showed more active tuning strategies to preserve the adhesive property under 
humidity changes via having a multiphase liquid structure. This result provides 
inspiration for the future development of novel humidity-stabilized adhesive materials. 
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5.2 Recommendations for Future Work (Bio-inspired Water-harvesting System)  
5.2.1 Water Droplet Motion Observed from Pb-adhesive Droplet Samples in Extremely 
Humid Environment 
 Water droplet motion was observed when the multiphase adhesive (named, pb-
adhesive in Chapter 4) droplet samples from bee pollens (discussed in Chapter 4) were 
placed in extremely high relative humidity (≈ 100% RH). The supporting material of 
droplets was a piranha-etched silicon wafer, which was a hydrophilic surface, and small 
water droplets were spontaneously growing on the open area of the wafer surface as 
shown in Figure 32 (a) (0-2 sec).  
 
Figure 32 – Pb-adhesive droplet sample (discussed in Chapter 4) in extremely high 
relative humidity. (a) Observation (optical microscope images) of water droplet 
motion. (b) Schemes demonstrate the droplet motion. 
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The liquid structure of pb-adhesive droplets on a silicon wafer was discussed in Chapter 4. 
The droplets have a core aqueous phase region, and the core region is surrounded by an 
oily phase. The water droplet motion was initiated when the growing water droplet 
(condensation) had a contact with the boundary of the oily phase as shown in Figure 32 (a) 
and (b) (4-6 sec). Interestingly, this droplet motion occurred spontaneously and 
repeatedly. (Figure 32 (a) and (b) (8-10 sec)) 
5.2.2 Addressed Scientific Questions and Suggested Answers 
 Two major scientific questions were addressed in this phenomena: i) what types 
of forces are associated with the droplet motion, ii) how are the forces related to the 
interfacial properties of the four phases (water, oil, air, and solid surface)? Clear answers 
to the questions are not able to give at this moment, but we propose possible answers in 
here, based on other related studies, and suggest future works for finding the answers. 
 In a previous study by David Hu and John Bush in 2005, water-walking insects 
showed an interesting strategy to climb the slippery slopes of the menisci, the border of 
the water’s edge, when they moved from the water surface to land. [210] The previous 
study reported that the insects generate capillary forces, attributed to the deformed the 
water surface, to overcome gravitational force for their uphill motion as shown in Figure 
33 (a). The physical mechanism of the insects’ motion shows a similarity to the lateral 
capillary forces between two immersed (or floating) particles. In the previous studies of 
the lateral capillary forces [211–213], it was suggested that two positive (or two negative) 
menisci attract one another, but a positive meniscus repels a negative meniscus as shown 
in Figure 33 (b). This mechanism explains the reason why the climbing motion of the 
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larva in Figure 33 (a) was initiated by arching its back. Meniscus curvature surrounding 
the larva became more positive after the bending posture, so the capillary attraction 
between the border of the water’s edge and the larva became stronger. In the case of the 
water droplet motion system, lateral capillary forces can be a driving force to move the 
small water droplet when the menisci surrounding the aqueous phase and water droplet 





Figure 33 – (a) Mesniscus climbing by the larva of the waterlily leaf beetle. The 
aching posture generates a positive meniscus surrounding the larva. Scale bar = 1 
mm. Reproduced with permission from [210] (b) Schemes demonstrate the direction 
of lateral capillary forces. Two positive (or negative) menisci attract one another, 
but a positive meniscus repels a negative meniscus. [211–213] 
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 In the small water droplet motion, the interaction between the droplet and the 
solid surface can work as a resistance to the droplet motion. Advancing and receding 
contact angles are formed when a liquid droplet is moving on a solid surface because of 
the solid-liquid interaction. Previous studies of water droplet motion on solid surfaces 
suggest that contact angle hysteresis works as a resistance to the droplet motion [214, 
215], and the magnitude of the resistance is proportional to the difference between 
advancing and receding contact angles. In the future studies of this bio-inspired droplet 
harvesting system, measuring the advancing and receding contact angles of the small 
water droplet is suggested for understanding the influence of the resistance on the droplet 
motion. 
 The magnitude of the driving force and resistance of the droplet motion system 
can be controlled by the interfacial properties of the 4 phases (water, oil, air, and solid 
surface). With the same volumes of water and oil phases, lateral capillary attraction is 
stronger when the oil phase completely coats the water-air interface, compared to the 
partially coated interface, as shown in Figure 34 (a). The criterion for complete coating is 
given by the spreading coefficient (Sow(a)),  
, (38)
where γ is the interfacial tension between the two phases designated by subscripts w 
(water), o (oil), s (solid surface), and a (air). [216–218] The positive value of Sow(a) 
implies a complete wetting, whereas the negative value of Sow(a) implies a partial wetting. 
The resistance of the droplet motion can be minimized or neglected when the oil phase 
fills underneath the water droplet as shown in Figure 34 (b). The criterion for floating 
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droplet in Figure 34 (b) is given by the spreading coefficient, Sos(w) = γsw− γso− γow. [216–
218] The positive value of Sow(a) implies no interaction between the water droplet and 
solid surface.  
 
Figure 34 – Schematic illustrations show the relationship between (a) the surface 
coefficient, Sow(a), and the configuration of the oil meniscus surrounding water 
droplet, (b) the surface coefficient, Sos(w), and the wetting configuration underneath 
the water droplet. 
5.2.3 Bio-mimicry and Suggestion for Future Works 
 A simple experiment was designed to mimic the water droplet motion of the pb-
adhesive as shown in Figure 35 (a). The added small water droplet shows a similar 
motion as to the original system as shown in Figure 35 (b). (The motion of the water 
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large droplet was also expected, but it was hard to be recognized.) For this bio-mimic 
system, oleic acid and polystyrene were used as an oil phase and as a solid surface. The 
spreading coefficient of the oil-water-air interface (Sow(a)) was estimated as 18.7 mN/m 
by equation (38). For this estimation, the γwa was measured using pendant drop method 
after the water was saturated in oleic acid for 3 days. The γwo (32.5 mN/m) and γoa (15.7 
mN/m) values were obtained from a literature. [219] The perfect oil coating on the water 
droplets (positive value of Sow(a)) is expected to create two positive menisci surrounding 
the large and small water droplets, so lateral capillary forces are a driving force for the 
attraction. The presence of the resistance force (interaction between the water droplets 
and polystyrene surface) of the droplet motion in this bio-mimic system was investigated 
by the suggested experiment in Figure 35 (c). The droplet motion was observed even with 
a small tilting (< 0.5°) of the polystyrene surface. There was no (or negligible) interaction 
between the water droplet and the solid surface, and it indicates that the spreading 
coefficient, Sos(w), might be a positive value. In this biomimetic system, we show that the 
water droplet motion can be reproducible with commercial materials (oleic acid, and 
polystyrene). In the future, control experiments with different materials (different oils and 
solid surfaces) with various interfacial properties will provide inspiration for the future 




Figure 35 – (a) Schematic illustrations of the bio-mimic water droplet motion 
system.  (b) Observation of the water droplet motion. (c) Schematic illustrations of 
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